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1 Introduction

The stability of anti-de Sitter (AdS) spacetimes has been a long-standing question in theo-
retical physics. The question is particularly interesting in the case of non-supersymmetric
AdS spacetimes, which are not protected by supersymmetry arguments and corresponding
positive mass theorems [1]. In the context of string theory, the fate of non-supersymmetric
AdS vacua is especially important. For example, non-supersymmetric AdS vacua provide
one of the most explicit ways to apply the AdS/CFT correspondence to QCD or con-
densed matter systems [2]. Moreover, non-supersymmetric AdS compactifications provide
a simpler class of non-supersymmetric string solutions than de Sitter vacua, which are
time-dependent. Therefore, non-supersymmetric AdS solutions can be seen as a natural
stepping stone to understanding de Sitter vacua in string theory.

However, so far no fully-fledged examples of non-supersymmetric but stable AdS vacua
in string theory have been constructed. One of the most efficient ways of constructing non-
supersymmetric AdS vacua in string theory is by uplifting non-supersymmetric solutions of
lower-dimensional gauged supergravities. While many such AdS solutions are known, for
example in N/ = 8 supergravities in four [3-10] and five dimensions [11-13], all but a handful
of such vacua are already perturbatively unstable within the lower-dimensional supergrav-
ity [1, 8, 9, 13-20]. That is, typically some of the scalar fields of the lower-dimensional
supergravity have masses that violate the Breitenlohner-Freedman (BF) bound [21]. There-
fore, these scalars are tachyonic and generate an instability. Many non-supersymmetric AdS
vacua in string theory are also non-perturbatively unstable [22-26].

This lack of non-supersymmetric but stable AdS vacua, together with arguments based
on a sharpened version of the Weak Gravity Conjecture (WGC) [27], has recently led



to the AdS Swampland Conjecture [28], which states that all non-supersymmetric AdS
vacua in string theory are unstable. The most prominent possible counterexample is the
SO(3) x SO(3)-invariant non-supersymmetric AdS, vacuum of the N’ = 8 SO(8) gauged
supergravity in four dimensions [3, 4]. This vacuum is perturbatively stable within the full
four-dimensional N/ = 8 supergravity [19], which has long prompted hope that it may also
be stable when uplifted to the full 11-dimensional supergravity.

Indeed, a perturbative instability would require the masses of the higher Kaluza-Klein
modes to drop below those of lowest-lying modes which make up the consistent truncation
to N = 8 supergravity and are above the BF bound [19]. Such behaviour of Kaluza-Klein
towers has never previously been observed. Nonetheless, such a perturbative instability,
therefore, would provide very concrete evidence for the AdS Swampland Conjecture, whose
original arguments suggest a non-perturbative instability mechanism. However, since cal-
culating the Kaluza-Klein spectra of supergravity compactifications is a notoriously difficult
problem, the question of the perturbative stability of the SO(3) x SO(3)-invariant vacuum
of 11-dimensional supergravity has remained an open problem thus far.

Recently, a “brane-jet instability” was found for the SO(3) x SO(3) vacuum [29]. There
it is argued that probe branes feel a net repulsive force in certain areas of the compact-
ification manifold due to the varying warp factor of the 11-dimensional solution. This
causes the probe branes to be expelled, hence signaling an instability. In [29] it is argued
that because this instability is localised in the compactification manifold and the Coulomb
branch of the probe branes may be reflected in scalars of 4-dimensional supergravity, this
brane-jet result might indicate an instability triggered by higher Kaluza-Klein modes.

In this paper, we show that indeed the higher Kaluza-Klein modes of the SO(3) xSO(3)-
invariant AdS, vacuum are unstable. We do this by employing the recently developed
method [30, 31], which allows us to compute the Kaluza-Klein spectrum of any vacuum of
N = 8 gauged supergravity obtained by a consistent truncation from 10-/11-dimensional
supergravity, by tracking how the spectrum changes as the vacuum is deformed from the
maximally-symmetric one. Here this allows us to follow the spectrum as the round S7, cor-
responding to the maximally supersymmetric AdS, xS7 vacuum, is deformed to the SO(3) x
SO(3)-invariant compactification and to compute the Kaluza-Klein spectrum of the SO(3) x
SO(3)-invariant vacuum up to level 6 above the N = 8 truncation. We find that the higher
Kaluza-Klein modes, beginning at level n = 2, of the SO(3) x SO(3)-invariant AdS4 solution
drop below the BF bound and become tachyonic. Therefore, the AdS, solution is perturba-
tively unstable in 11 dimensions. Interestingly, this instability is already present at the level
of 11-dimensional supergravity and does not require non-perturbative effects of M-theory.

2 Kaluza-Klein spectroscopy

We begin by reviewing the result of [30, 31], which we will use to compute the Kaluza-
Klein spectrum of the SO(3) x SO(3)-invariant AdS; vacuum. In [30, 31], Exceptional
Field Theory (ExFT) [32] was used to derive mass formulae for the Kaluza-Klein spec-
trum of any vacuum obtained by a consistent truncation to a lower-dimensional maximally
supersymmetric supergravity.



ExFT provides a convenient reformulation of 10-/11-dimensional supergravity, which
unifies gravitational and flux degrees of freedom in a way that makes an Fy7) symmetry
manifest. In particular, the bosonic sector consists of a four-dimensional metric g,,, a gen-
eralised metric My parameterising the coset space E;(7)/SU(8), and a four-dimensional
gauge field AMM transforming in the 56 of E;(7), with 4 =0,...,3 and M = 1,...,56.
As shown in [30, 31], in ExFT the Kaluza-Klein fluctuations of any vacuum of a given
N = 8 gauged supergravity, whose uplift to 10-/11-dimensional supergravity is known,
can be conveniently expressed as a product of the lowest-lying modes, which make up the
consistent truncation to the N/ = 8 supergravity, with the scalar harmonics of the com-
pactification manifold, V>, at the mazimally symmetric point. For example, for all vacua
within the four-dimensional SO(8) gauged supergravity, > would be the scalar harmonics
of the round S7.

In this manner, the scalar fluctuations are parameterised by a tensor product of an
e7(7) © su(8)-valued matrix, corresponding to the N = 8 gauged supergravity modes, with
the scalar harmonics, which we label as above by Y. Thus we represent the scalar fluctua-
tions by j4Ps, where A, B=1, ..., 56, and which, for fixed ¥, is valued in er(y ©5u(8), ie.

PAPcPjcPs = jaPs, (2.1)

ja%s0pc = jp s dac '

where P4ZP is the projector onto the adjoint of Er(7y. From here onwards, we will

freely raise/lower all A, B and X, indices by dap and dxnq, respectively. Since the four-

dimensional scalar fields of any 10-/11-dimensional background parameterise the coset

space E7(7)/SU(8), a general linear fluctuation is parameterised by an element of the Lie

algebra e7(7) © 5u(8). Moreover, we can expand these fluctuations in terms of any complete

basis of functions, such as the scalar harmonics of the maximally symmetric compacti-

fication, Y*. This leads to the completely general parameterisation of any linear scalar
fluctuations of a background in ExF'T in terms of the japx as

Muyn = UMA Un® <5AB + Z ijABz) ) (2.2)
ol

where the sum runs over the scalar harmonics and Up4 € Er(7)/SU(8) is the generalised
vielbein describing the 10-/11-dimensional background.

The method of [30, 31] gives the mass matrices of the Kaluza-Klein modes in terms
of four-dimensional N' = 8 supergravity data and information about the uplift to 10-/11-
dimensions at the maximally symmetric point of the four-dimensional supergravity. In
particular, the effect of the deformation away from the maximally symmetric solution on
the Kaluza-Klein masses can be deduced entirely from the four-dimensional information.
This four-dimensional information consists of

e the embedding tensor of the N' = 8 gauged supergravity, Xy;n? with M, N =
1,...,56,

e the four-dimensional scalar matrix V4™ ¢ Er(7)/SU(8) of the vacuum we want to
study.



The conventions for the four-dimensional scalar manifold are such that V4™ = §4M corre-
sponds to the maximally symmetric point, e.g. the round S7 for the SO(8) gauged super-
gravity.

We also need the following higher-dimensional data:

e the scalar harmonics, V>, of the compactification,

e the linear action of the Killing vector fields of the compactification on the scalar
harmonics, which we denote by Ty >q."

To be explicit, Tar>q is defined as
L’C]uyz - _TMEQ yQ7 (23)

where Ky are the Killing vectors of the compactification? and L denotes the Lie derivative.
Therefore, the matrices T3> correspond to the generators of the gauge group (generated
by the Killing vectors Kps) in the representation of the scalar harmonics )Js. These are
normalised relative to the four-dimensional embedding tensor, X/n*, such that

[Tar, Tn| = —X[MN]PTP. (2.4)

Just as in 4-dimensional gauged supergravity in the embedding tensor formalism, the in-
dices M, N, P = 1,...,56 here count electric and magnetic vector fields in order to make
FE7(7) manifest. However, at most 28 of the electric/magnetic vector fields can contribute to
the gauging of the supergravity, and thus at most 28 of 7as’s can be non-zero. For example,
as elaborated on in section 4, for the SO(8) gauged supergravity, we can decompose the
Ty with respect to SL(8) C Er(7), such that

56 — 28 & 28'. (2.5)

Then .
TuZa = (Eb, Tab) Q, (2.6)

with Top>q corresponding to the SO(8) generators and T%>q = 0.

We emphasise once more that we only require the higher-dimensional information for
the maximally-symmetric compactification, e.g. the round S” for the SO(8) gauged super-
gravity, irrespective of the four-dimensional vacuum that we are studying. The power of
the method developed in [30, 31] is that the effect of the deformation away from the maxi-
mally symmetric point can be captured simply by dressing the four-dimensional embedding
tensor Xyn? and the generators Tauza by the four-dimensional scalar matrix VM,

!For non-compact gaugings, we need to know the action of a different set of vector fields, which are not
all Killing vectors. The full details are given in [30, 31] but are not important here since we are working
with the SO(8) gauged supergravity.

2With appropriate modification for non-compact gaugings as discussed in [30, 31].



In particular, the scalar mass matrix, MAB>CDPL for the scalar fluctuations, j4 B, IS

given by
) . 1 . )
MABECDR § b s jopa = - [(XAPXBop +2X9AP X P + 1XAPXEC] 45 jpE s
2 . .
+ ? [2 XACEXBDE _ XEACXEBD} ]ABE]CD7Z

—AXAPTEE gy jopa — 4 X Tes jaP% jppa

+ 24 TAN TPAS 9% jpoa — TON T s 548 japa  (2.7)
where
Xap® =VaM VN (v X",
Ta%a = Va" TP,

are the embedding tensor and linear action of Killing vectors dressed by the scalar matrix,

(2.8)

VM| corresponding to the vacuum we are considering. The mass matrices for the spin-1
and spin-2 Kaluza-Klein modes can be found in [30, 31].

Note that not all the fluctuations in j4p x are physical. Some of these modes are Gold-
stone bosons eaten by massive vector fields, and some are eaten by the massive gravitons.
We can remove these unphysical modes by fixing the gauge appropriately, as usual when
computing Kaluza-Klein spectra.

2.1 SU(8) mass matrix

In the mass matrix (2.7), the A, B = 1,..., 56 indices are raised /lowere by d 45, which is not
an invariant tensor of Fy (7). Instead, 45 breaks E7(7) to its maximal compact subgroup,
SU(8) and, correspondingly, the A, B indices should really be thought of as SU(8) indices.

Since the dressed embedding tensor X 45 is frequently given in SU(8)-covariant no-
tation, it is worthwhile rewriting the mass matrix (2.7) in SU(8)-covariant notation. Let
i=1,...,8 denote fundamental SU(8) indices and upstairs/downstairs indices be related
by complex conjugation. Under the decomposition Er7) — SU(8), the 56 and embedding

tensor representation, 912, decompose as
56 — 28 © 28,
_ _ (2.9)
912 — 36 ® 36 © 420 ¢ 420.

The 36 and 420 representations of the embedding tensor are known as the fermion shift
matrices, A7 and A ;7M. These satisfy

AP =0, Ap M = Ay ;UK Ay =0. (2.10)

Explicitly, the relationship between the embedding tensor and the fermion shift matrices
is [34]

X X 1 [p q] [p q]
ijvklpq == iqukl = 55[kA2, l]ig + 5[kA1,lHi6j} ’ (2 11)
k 1 ’
Xijkl,pq — 5%2 A2,j] Ipq| , Xij,kl,pq _ _7!€klpqtuv[iA2,j}tuvy

with the other components related by complex conjugation to the above.

3 An SL(8)-covariant mass matrix for the spin-2 sector has been proposed in [33].



Similarly, the dressed T contain the SU(8) representations 28 ¢ 28 as follows
7?429 = (ﬁsz; ﬂj’zﬂ) ) (212)

with 79> the complex conjugate of ’Ejzg. Finally, since the scalar japy, for fixed X,
parameterise the coset e7(7y — 5u(8), their only non-zero components are given by

15kl = 1 ijklmnpq ;

79 = Jighe = e Jmnpg,S » (2.13)
where j;jr s is the complex conjugate of j;jp s, and ¢ 7kmnpg g the eight-dimensional
alternating symbol.

With the above conventions, the mass matrix (2.7) in SU(8)-covariant notation, is
given by

g 1. 5 o
kIS - mnpq, S _ Kl , Klmn,S
MY e Jijkt s J TP = <—2A1”A1,z‘j + 24142,1‘] Akt | Jetmnz 30

3 i .
+ <6A2,ikmnA2ljmn — 2A2mnijA2,mnkl) FIPUE G s
2

mn gkl .
- gAQ,z‘ P Ao 5113 frnpg,s

+4 <A2ﬁlijk Ton 2™ + A2 tmn Tjk’zﬂ) Jijkpe 3 (2.14)
—4 <A2,ijkl Tra™ + A i 7—191729) Jimnp.s jimnpQ

-8 (Al,ik TFEq 4 Ak ’77“»792) Jimmp.x JP

+ 485iipa s SO TN Ty 42— 2jiik1.5 792 T o T A%

The first three lines above correspond to the mass matrix of the four-dimensional N' = 8
supergravity [35], while the last four lines provide corrections of the mass for the higher
Kaluza-Klein levels.

3 The SO(3) x SO(3)-invariant AdS, vacuum

The SO(3) x SO(3)-invariant AdS, vacuum was first found as a solution of four-dimensional
N =8 S0(8)-gauged SUGRA [3, 4]. Since the SO(8)-gauged SUGRA arises as a consistent
truncation of 11-dimensional supergravity on S7 [36], this non-supersymmetric AdS, vac-
uum can be uplifted to a solution of 11-dimensional supergravity. Concretely, this is done
by making use of the known uplift formulas for the internal metric [37] and the internal
components of the three-form [38]. For the SO(3) x SO(3)-invariant vacuum the resulting
11-dimensional solution has been worked out in [39]. As the relevant expressions are rather
complicated and not needed here, we refer readers there for further details and explicit
formulas.

Indeed, using the methods of [30, 31|, we only need the explicit form of the four-
dimensional scalar matrix at the SO(3) x SO(3) stationary point [3] in order to compute



the Kaluza-Klein spectrum. In four-dimensional N' = 8 supergravity, the scalar matrix is
an E;(7)/SU(8) coset element, VaM | in the fundamental representation 56 of E7(7) [40]

VAM(iC) _ (uijIJ(x> UijIJ(x)> . (31)

vijrs(xz) upg(x)

Here i,j = 1,...,8 denote SU(8) indices, while I, J = 1,...,8 denote SL(8) indices; com-
plex conjugation is realised by raising/lowering of all indices, for example u*;; = (uijl Tyx,

By exploiting the local SU(8) invariance we can bring V into a unitary gauge, where it

0 ¢rrr\ _ [urfF oKL
Y = exp <¢IJKL 0 > = ( 17 , (3.2)

VIJKL W KL

takes the form

where after gauge fixing we no longer need to distinguish between SO(8) and SU(8) indices.
In this gauge, the v and v matrices are expressed as infinite sums, viz.

o0 o0 1

=3 o 00 s V=Y o 6766 - (89

n=0

To give the scalar matrix at the SO(3) x SO(3) invariant point, we introduce the four
SO(3) x SO(3)-invariant tensors

+ 1234 5678 - 1235 4678
Y =4 (01750 +00y%L) » Yk =4 017k +015%1L) » (3.4)
- 1234 5678 o 1235 4678 :

Zixn =4 (0178 — 0619%L) » Zhen =4 (017RL — 619%L) »

where the two SO(3) subgroups act on the subspaces defined by I =1,2,3 and I = 6,7, 8,
respectively. Note that tensors Y+ and ZT are self-dual, while Y~ and Z~ are antiself-
dual (another SO(3) x SO(3) invariant is Fy; = 677). These objects satisfy a number of
elementary identities which have been listed in [39].

With these definitions, we can parametrize the SO(3) x SO(3) invariant scalar field
configurations as

A o . o
1L\ w) = 5 [COSW (Yoo + Y k) —sinw (Zp, — ZZIJKL)] ) (3.5)

with two independent parameters A and w. To exponentiate the scalar expectation value
it is, furthermore, useful to define the Hermitian projector?

1 1
=< (YT +iy ") (Yt —iv™) = 3 (2t —iz™) (z+iz™), (3.6)
which satisfies
=101, Ojxp=Uxrrs, YT =iV )I=Y"—iY™, (Z"+iz \U=2"+iZ".
(3.7)
so IT is a Hermitian projector. In particular, using identities from [39], we find that

dP* = 2N, O = ¢*. (3.8)

4With the short-hand notation A B = (A B)IJKL =ArsunBuNkL.



After these preparations it is straightforward to determine the u and v matrices
uUKL = (5ij + (COSh(\@)\) — 1)H[JKL ,

1
I TEL — NG sinh(v/2)\) {cosw (YT —4iY ™) —sinw (Z7 +iZ7)

With these explicit expressions for the scalar matrix (3.9), we can now compute the

(3.9)
IJKL’

dressed embedding tensor, or equivalently via (2.11) the fermion shift matrices, Ailj and
Ag /¥ for any value of A\ and w, which includes the SO(3) x SO(3)-invariant vacuum.
For the SO(8)-gauged supergravity we are considering, the fermion shift matrices can be
computed via

. . 3 » 3 ;
(usz + ,UklIJ)(uimJKu]MKI . 'Uz’mJKU]mK[) _ _ZA%W + 551%14?]' (3.10)
For the above scalar field configuration, we get [2, 3]
Aij()\) = diag (a, a,a,b,b,a,a, a) , (3.11)
with 1
a(\) = cosh(v/2)), b(A) = B (1 + cosh2(\/§)\)) . (3.12)
For Ay 7¥()\) we have [2]
(A2)1234 _ (A2)2314 — (A2)3124 _ _ef'u.u.f7
(A2)1235 — (A2)2315 — (A2)3125 — Ze_lwf,
(A2)6784 — (A2)7864 — (A2)8674 — Zemf,
(A2)6™® = (A)7%% = (A9)s"° = ™ f, (3.13)
(A2)4678 — ieiwg ’ (A2)5123 — —je iwg’
(A2)a"* = ™™g, (A2)5"™ = —e™y,
(A2)1145 — A2)2245 _ (A2)3345 — *(A2)6645 _ 7(A2)7745 _ *(A2)8845 _ *Z'fZ,
with 1 1
F(\) = 7 sinh(V2X),  g(\) = G sinh(2v/2)) . (3.14)

The potential of the four-dimensional supergravity depends only on Aij and Ay 7% and

for the field configurations considered here is given by

P\ w) = —§(6a2 + 2b%) + 1(12f2 + 6%+ 4¢?)
4 4 (3.15)

=15l 36 cosh(2\f2)\) + COSh(4\/§)\) - 61} )

and does not depend on w. As shown in [39], a rotation by an angle w corresponds to a
diffeomorphism in the internal dimensions, hence does not change the physical solution.
The extremum is attained at

A= éarcosh(\/g) & cosh(V2\) =5, (3.16)



so that

a=+v5, b=3, f=+2, g=+10, (3.17)

at the SO(3) x SO(3) stationary point, with P = —14. The point A = 0 corresponds to the
maximally supersymmetric AdS, vacuum with SO(8) symmetry.

As mentioned previously, this stationary point is the only known stable non-
supersymmetric stationary point of D = 4 SO(8) gauged supergravity [3, 19]: the scalar
mass eigenvalues for all 48 physical scalar fields are above the BF bound (22 scalars are
Goldstone bosons, and thus are absorbed by the 22 massive gauge fields remaining after
symmetry breaking to SO(3) x SO(3)). Since for maximal AdS supergravities in other
dimensions D > 4 no stable non-supersymmetric AdS vacua are known, this vacuum has
been one of the most promising candidates for a stable non-supersymmetric AdS,4 solution
of M theory. The critical question is, therefore, whether the Kaluza-Klein spectrum can
produce a tachyonic instability, and this is the question that will be addressed in the fol-
lowing section. We note that by the mass formula (2.14), we only require the knowledge
of A; and Ay at the stationary point (3.11) and (3.13), and the dressed action of Killing
vectors on S” to compute the Kaluza-Klein spectrum.

4 Scalar harmonics

To compute the Kaluza-Klein spectrum, we now only need the higher-dimensional infor-
mation coming from the round S7. The scalar harmonics on S7 can be expressed as
symmetric traceless polynomials in the elementary harmonics Y*, with a = 1,...,8, which
satisfy Y*Y? 6qp = 1. Thus,

(Y2} = {1, 9, Yoz . yu-an (4.1)

where Ya--an = Y(ar  yan) denotes traceless symmetrisation. Hence the index ¥ runs
over the tower of symmetric traceless representations [n, 0, 0, 0] of SO(8).

The action of the SO(8) Killing vectors of the round S7 on the harmonics is most easily
described in the SL(8) C E7(7) basis. Under this SL(8), the 56 of E7(7) decomposes as

56 — 28 @ 28'. (4.2)

Accordingly, the action of the SO(8) Killing vectors decomposes into

T 4y = (77117, Tab) e dy...d - (4.3)
Our summation convention for the harmonic indices X3, ) is such that
A By = AB+ A°B,+ A" B, 4y + ...+ A% By o 4. (4.4)
With this convention, we find

T 4y..d, = €010,

. [(I

C Cn)
}((dlédz . "6dn)

Tab,cl...cndlmdn -0 ,



where c is a coefficient that is determined by the normalisation (2.4), i.e
(T, Tvl = Xpuw© T - (4.6)

In order to match the notation of section 3, we must convert between the SL(8) basis
used here and the SU(8) basis used there. We explain how to do this in appendix A. In
the conventions of section 3, the round S7 has A7 = 6% and Ay#¥ = 0. Therefore, the

corresponding embedding tensor in the SL(8) basis is given by

1
Xaped™ = —Xap™ ca = VG <5b[052]]; Oge 521];) )
Xabcdef — Xabcdef — O, (47)
XabMN — 0,

and the normalisation coefficient for the 7y is ¢ = % Thus, the only non-zero components
of the Ty are

Tab™ " dy.dn = NG 5[(261 Oy Oy 522%% ‘ (4.8)

The action of the SO(8) Killing vectors, dressed by the scalar matrix of the SO(3) x SO(3)-
invariant AdS vacuum (3.9), (in the SU(8) basis) is now given by

1
ﬂ]clmcndl...dn = m |:F?S + (COSh(\@)\) — 1) H[JKLFab’KL

1
N (om0 4] (4 12)) T
X Tab™ " dy ..y 5 (4.9)

where I'%; ; are the I-matrices, see appendix A.

5 The Kaluza-Klein spectrum

We will now apply the method of [30, 31|, reviewed in section 2, to the SO(3) x SO(3)-
invariant AdSy solution [3, 4] discussed in section 3. We have already discussed the fermion
shift matrices AJ and Az /¥ at the SO(3) x SO(3)-invariant point, egs. (3.11), (3.13), and
the action of the dressed Killing vectors on the scalar harmonics Ta>q, eq. (4.9), which we
require to compute the Kaluza-Klein spectrum.

The Kaluza-Klein modes organise themselves into representations of the SO(3) x SO(3)
symmetry group. This is embedded into the SO(8) symmetry group of the round S*
according to the following branching of SO(8) — SO(3) x SO(3):

8, — (3,1)®(1,3)®2-(1,1),

(5.1)
Bps — 2- (2,2),

where the Kaluza-Klein scalar harmonics transform in the 8,,.
Using this branching, we can determine the SO(3) xSO(3) representation of the Kaluza-
Klein modes at level n. We do this by taking the tensor product of the N' = 8 supergravity

~10 -



modes with the scalar harmonics at level n and decompose the result under SO(3) x SO(3).
Indeed, the Kaluza-Klein fluctuation Ansatz of [30, 31] reflects this group-theoretic analysis
at the level of the linearised dynamics by writing the fluctuation Ansatz as a product of the
consistent truncation (which encapsulates the N/ = 8 supergravity modes) with the scalar
harmonics.

For example, for the spin-2 Kaluza-Klein modes, we simply need to branch the

[n,0,0,0] representation of SO(8), in which the scalar harmonics transform, to SO(3) x
SO(3) and find

n/2
Gn= n—214+1)(I+1)- n—214+1,n—21+1)
=0
n/2 -1
oPPn—2+1)(k+1)- |(n—-21+1,n -2k +1) & (n— 2k +1,n— 21 +1)|.
=1 k=0

(5.2)

Similarly, we can determine the representations of the spin-1 Kaluza-Klein modes, which
we denote by V,, at level n, by taking the tensor product of the 28 of SO(8), corresponding
to the N/ = 8 vectors, with the [n,0,0,0] representation of SO(8). Finally, for the spin-0
KK modes, which we denote by Sn at level n, we take the tensor product of the 35, ® 35,
of SO(8), corresponding to the A = 8 scalars, with the [n,0, 0, 0] representation of SO(8).
However, the resulting tensor products, just like the fluctuation Ansatz (2.1), contain also
unphysical modes, in particular Goldstone scalars and vectors which are eaten by the
massive vector fields and massive Gravitons. These can be removed by subtracting the
massive Graviton representations from the massive vector representations and the massive
vector representations, V,,, from the massive scalar representations. We denote the resulting
physical Kaluza-Klein modes at level n by V,, and S, and find

Vo=(n+1) - m+3n+3)®Bn+3)-[(n+3,n+1)d (n+1,n+3)
(n—1)/2
@ @ (271=1)(n—201)+18n—291—3)- (n+1—2L,n+1— 2I)

n/2
o@6n+1-20) [(n+3n+1-21)® (n+1—2Ln+3)
=1
n/2
e@Piin+1-20)—(n+3)) [(n+3-2Ln+1-21)& (n+1-2L,n+3 —21)]
=1

n/2 -2

a@PP2rk+1)(n+1-20) [(n+1-2kn+1-21)& (n+1— 2L, n +1— 2k)]
=2 k=0
9

&= (1+(-1)") - (1,1),

(5.3)
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Spn=5(n+1) - mM+3,n+3)&On—-1)-[(n+3,n+1)d(n+1,n+3)]

(n—1)/2

& P 201(n-1-20)+12n—6)- (n+1-2L,n+1—21)

=0

n/2

o@P1amn+1-20)-[(n+3n+1-2)& (n+1-2Ln+3)
=1
n/2

P A2i(n+1-20)~5(n+3))-[(n+3-2,n+1-21) ® (n+1-2L,n+ 3-21)]
=1

n/2 -2
o@PPa2k+1)(n+1-20)[(n+1-2kn+1-21)& (n+1— 2L, n +1- 2k)]
=2 k=0
@%(1—1—(—1)") (3+8n)- (1,1).

(5.4)

We can now compute the masses of these Kaluza-Klein modes using the mass ma-
trix (2.7). We use Mathematica to compute the eigenvalues of this matrix and trust in
its capacities for handling large numerical matrices. Projecting the mass matrices onto
the different irreducible SO(3) x SO(3) in (5.4), we were able to compute the eigenvalues
up to and including level 6 above the four-dimensional A/ = 8 supergravity modes with
sufficient confidence. As a first consistency check the numerical results precisely reproduce
the correct massless Goldstone modes. As another check, we work with traceful harmonics
Yl yan) guch that the computation at n = 6 includes and reproduces all previous even
levels. Our results are plotted in figures 1-3.

The Kaluza-Klein spectrum shows two interesting features: firstly, there are tachyonic
modes amongst the higher Kaluza-Klein modes, and secondly, there are 27 infinitesimal
moduli, i.e. massless scalar fields which are not eaten by the massive vector fields, at level 2.

Tachyonic Kaluza-Klein modes. The level 0 scalar fields, Sy, i.e. those of N' = 8
supergravity, have masses at and above the BF bound [19]. We find this is also true for
Sy, the scalars at level 1. However, starting at level 2 above the N = 8 scalars, there
are tachyonic scalar fields amongst the Kaluza-Klein modes, i.e. some spin-0 Kaluza-Klein
modes have masses below the BF bound, corresponding to m2BF = —2.25L72, where L is the
AdS length. Therefore, the AdS, vacuum is perturbatively unstable within 11-dimensional
supergravity. We list the tachyonic modes and their mass eigenvalues in table 1.
Interestingly, the tachyonic modes only appear in the symmetric representations (k, k)
of SO(3) x SO(3), and not in the representations (k,1) with & # [. Moreover, while
the overall Kaluza-Klein spectrum shows increasing masses with level n, see figure 1, the
masses of the tachyonic modes seem to remain stable, neither decreasing nor increasing,
with increasing level n, as shown in figure 2. This seems to generate a sort of “mass gap”
just above the BF bound. However, this may be an artefact of only working with the first
few Kaluza-Klein levels. Indeed, if we assign the states to Kaluza-Klein towers, as shown
in figure 3, we find that each Kaluza-Klein tower eventually has increasing masses with
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Level 4 Level 5

Level 2 Level 3 m2L? | Trrep m2L? | Trrep Level 6
m2L? | Irrep m2L? | Irrep -2.950 | (1,1) -2.721 | (2,2) m2L? | Trrep
3117 | (L,1) | | 3146 | (2.2) | |-2.922 | (1,1) | | -2.657 | (2.2) | | -2.400 | (3,3)
2821 | (1,1) | | 2892 | (2,2) | | -3.114 | (3.3) | | -3.056 | (4.4) | | -2.266 | (3,3)
2532 | (3,3) | | 2741 | (4,4) | |-2.801 | (3,3) | | -2.567 | (4,4) | | -2.910 | (5,5)
2448 | (3,3) | | 2446 | (4,4) | | -2.876 | (5,5) | | -2.930 | (6,6) | | -2.895 | (7,7)
2361 | (5,5) | | -2.627 | (6,6) | | -2752 | (7.7) | | -2.736 | (8.8) | | -2.577 | (9,9)

Table 1. Tachyonic Kaluza-Klein modes, their masses, m, in terms of the AdS length L and their
representations under SO(3) x SO(3).

increasing level n. Therefore, we expect that at a high enough level, there will be no more
tachyonic states and the total number of tachyons in the Kaluza-Klein spectrum is finite.

Indeed, we expect the total number of tachyonic modes to be finite due to the fact
that the scalar mass operator on a compact manifold is a self-adjoint elliptic operator.
More specifically, it is a generalised Lichnerowicz operator which in the case at hand is
obtained by computing the second metric variation of the internal part of the bosonic
action of D = 11 supergravity around the vacuum corresponding to the uplift of the
SO(3) x SO(3) critical point. After choosing a gauge (see e.g. [41] for the corresponding
analysis around the maximally supersymmetric SO(8) vacuum), this operator has the same
principal symbol as the Laplace-Beltrami operator for the given metric, hence a discrete
spectrum with no accumulation point [42]. What is remarkable, however, is that the mass
spectrometer formula of [30, 31] allows us to explicitly follow the “flow” of the low-lying
eigenvalues as the vacuum is deformed from the maximally supersymmetric one to the
SO(3) x SO(3) vacuum, and that the eigenvalues are not uniformly lifted up, but exhibit

a crossover behaviour.

Moduli. At level 2 we find an additional 27 massless scalar fields on top of the Goldstone
scalars. These infinitesimal moduli of the solution transform in the 3 - (3, 3) representation
of SO(3) x SO(3). These modes, therefore, correspond to infinitesimal perturbations of
the AdS, vacuum which preserve the AdSy part but deform the compactification in a way
which breaks the SO(3) x SO(3) symmetry. At levels 3-6, all massless scalar fields are
Goldstone modes, suggesting that these 27 modes are the only moduli.

It would be interesting to determine if these infinitesimal moduli can be integrated into
finite deformations. Since this is a non-supersymmetric vacuum, already the existence of
infinitesimal moduli suggests some hidden structure. This same structure may also protect
the moduli from obstructions at higher orders. If these modes can be integrated to finite
moduli, the non-supersymmetric AdSy vacuum studied here would belong to a family of
AdS,4 vacua with even fewer symmetries. It is unlikely that the other members of the
family, if it exists, would admit a consistent truncation to 4-dimensional supergravity so
that the other members can only be studied directly in 11 dimensions.
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Figure 1. Spectrum of scalar Kaluza-Klein modes, plotted as the multiplicity of Kaluza-Klein mass
eigenvalues for levels 0-6. m is the mass of the Kaluza-Klein mode, L is the AdS length and the
multiplicity is determined by the SO(3) x SO(3) representation, (k,k), of the mode. The dashed
line denotes the BF bound m?L? = —2.25.

Using the fluctuation Ansatz of [30, 31] it is possible to determine the 11-dimensional
fields corresponding to the tachyons and infinitesimal moduli we identify. This would allow
us to study the possible endpoint of the instability and whether there are obstructions to

integrating up the moduli to finite deformations.
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with the BF bound m?L? = —2.25 represented as a dashed red line. Here, m is the mass of the
mode, L is the AdS length and the vertical axis shows the multiplicity which is determined by the
SO(3) x SO(3) representation of the modes.
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Figure 3. Lowest Kaluza-Klein modes in the representations (k, k) of SO(3) x SO(3) arranged
into Kaluza-Klein towers, such that the nth dot on a line starting at level ng with & = kg sits at
level ng +n with k = kg + n. The colour code indicates the starting level ng for the various towers.
The dashed red line corresponds to the BF bound.
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6 Conclusions

In this paper, we computed the Kaluza-Klein spectrum of the non-supersymmetric SO(3) x
SO(3)-invariant AdSy vacuum of 11-dimensional supergravity [39]. We showed that some of
the higher Kaluza-Klein modes (starting at level 2 above the four-dimensional supergravity
level) violate the BF bound and thus trigger an instability. Therefore, even though this AdS
vacuum is stable within the maximal four-dimensional SO(8) gauged supergravity, it is not
stable within 11-dimensional supergravity. Our result presents the first example of tachy-
onic Kaluza-Klein modes and dramatically confirms the AdS swampland conjecture [28]
holds for this vacuum, which has long stood out as a possible counterexample.

In particular, we found that higher Kaluza-Klein modes can have masses below the
lowest-lying modes, contradicting the observation based on supersymmetric solutions.
Another interesting feature of the Kaluza-Klein spectrum is that we found 27 mass-
less scalar fields at level 2 which are not eaten by massive vector fields and, there-
fore, the SO(3) x SO(3)-invariant AdSy solution has infinitesimal moduli which break the
SO(3) x SO(3) symmetry. Finally, this paper demonstrates the power of the methodology
developed in [30, 31] which allowed us to perform the first computation of the Kaluza-Klein
spectrum of a supergravity solution whose cover is not spin.

There are several questions about the SO(3) x SO(3) AdS4 vacuum studied here that
it would be interesting to investigate. Firstly, it would be worthwhile to better analytically
understand the structure of the Kaluza-Klein spectrum. For example, why do tachyons
only appear in the symmetric representations (k, k) of SO(3) x SO(3)? Another question
is to identify the S” modes that correspond to the tachyons and infinitesimal moduli we
uncovered. One way of doing this is by evaluating the mass matrix (2.7) as a function
of the deformation parameter A which links the round S7 to the SO(3) x SO(3)-invariant
deformation studied here, see (3.9). A second direction of inquiry is to use the fluctuation
Ansatz in [30, 31] to uplift the Kaluza-Klein modes, whose masses we computed here, to
fluctuations of the 11-dimensional solution. This would shed light on the possible end-
point of the instability triggered by the Kaluza-Klein modes and also on the relationship
to the brane-jet instability of this AdS, vacuum [29]. Similarly, it would allow us to explore
whether the infinitesimal moduli we found in the Kaluza-Klein spectrum can be integrated
to finite moduli of the 11-dimensional AdS, solution. This would imply that this non-
supersymmetric AdS, vacuum is part of a continuous family of non-supersymmetric AdSy
vacua in 11-dimensional supergravity, which break the SO(3) x SO(3) symmetry.

To conclude we would like to emphasise that, despite the important progress re-
ported in this paper, the question as to the existence or non-existence of stable non-
supersymmetric AdS vacua of string and M-theory remains wide open. First of all, there
are non-supersymmetric vacua in the ISO(7) gauged theory which are stable within the four-
dimensional gauged supergravity [6, 7, 10, 43]. Moreover, using the consistent truncation of
massive ITA supergravity on S® [44, 45], these vacua can be uplifted to 10-dimensional so-
lutions of string theory. Therefore, the method of [30, 31] can be readily applied to address
the stability of these non-supersymmetric AdSy vacua, which have also recently be shown
to be brane-jet stable [43]. Moreover, there is a far richer variety of non-supersymmetric
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stationary points for maximal (and non-maximal) gauged supergravities in three dimen-
sions than for higher dimensions D > 4, whose stability remains to be investigated. For
instance, the maximal gauged SO(8) x SO(8) gauged theory of [46] possesses more than
2700 critical points [47], among them at least one stable non-supersymmetric one [48].
However, a major unsolved problem here concerns the possible uplifts of these vacua to 10
or 11 dimensions, as these cannot correspond to standard Kaluza-Klein compactifications.
There are also other string models with broken supersymmetry, and which seem to show
stability [49].
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A SU(8) vs. SL(8,R) bases

We can express a vector Tps in the 56 representation of E7(7) in terms of antisymmetric
tensors in the SL(8, R) and SU(8) bases as follows. Under SL(8,R) C E7(7), the 56 of Er
decomposes as 56 — 28 @ 28’ and accordingly we can write

Tar = (7;b, T“b> : (A1)

where a,b = 1,...8 are used for the SL(8,R) basis and T4, = —Tpq and T = =7 are
real. On the other hand, under SU(8) C E7(7), 56 — 28 @ 28 and accordingly we have

Tv = (Tij, T7) (A.2)

where now i,j = 1,...,8 are used for the SU(8) basis and 7;; = —7T;; and T% = —T7* are
complex but related by complex conjugation, i.e.

T =T, (A.3)

The relationship between these two basies is analogous to the relationship between SU(1, 1)

and SL(2,R) [40]
Tij 1 p [ Tap + 0T
Sl = —T'% A4
B)-ieEm)ow

using the SO(8) I'-matrices Ffjb with the normalisation
P T 55 = 16,02 = 8 (0205 — 350¢) . (A.5)

Similar relations hold for other representations of E7(7) by writing them as tensor products
of the 56 representation and acting on each 56 as in (A.4).

17 -



For completeness, we will also give the relationship between the scalar field fluctuations
in the SU(8) and SL(8,R) bases. In the SU(8) basis, the scalar Kaluza-Klein modes are
parameterised, as in (2.13), by complex self-dual four-forms of SU(8), i.e.
ikl o 1 ijklmnpq ; A.6
J ¥ = Jijkl,> = ae Jmnpq,% » ( . )
where jijkhg is the complex conjugate of j;j; x, and ¢ 7kmnpg g the eight-dimensional
alternating symbol. On the other hand, in the SL(8) basis the j4p y are parameterised by
a real symmetric traceless tensor, ¢4, 5, and a real self-dual four-form ¢gp.q 5 as follows

ity = —jed™s = 0% g 5, (A7)
7% = fuped s = abed.s »
where .
Gab,s = Pba,s s ¢ax =0, Gabed,s. = $€abcdefgh¢efgh2 , (A.8)

and all indices are raised/lowered by 6.
The relation between the real scalar fields ¢4 and @gpeqx; in the SL(8,R) basis and
the complex self-dual field j;;z; x is given by

. 1 )
Jijkle = 1¢ re <¢ac,2 Obd + Zd)abcd,z) i, (A.9)
so that for instance
e 3
FIRE s = §¢ab’2 babss + P Gapeds - (A.10)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References
[1] G.W. Gibbons, C.M. Hull and N.P. Warner, The Stability of Gauged Supergravity, Nucl.
Phys. B 218 (1983) 173 [nSPIRE].

[2] N. Bobev, A. Kundu, K. Pilch and N.P. Warner, Minimal Holographic Superconductors from
Mazimal Supergravity, JHEP 03 (2012) 064 [arXiv:1110.3454] INSPIRE].

[3] N.P. Warner, Some Properties of the Scalar Potential in Gauged Supergravity Theories, Nucl.
Phys. B 231 (1984) 250 [INSPIRE].

[4] N.P. Warner, Some New Extrema of the Scalar Potential of Gauged N = 8 Supergravity,
Phys. Lett. B 128 (1983) 169 [INSPIRE].

[5] G. Dall’Agata and G. Inverso, On the Vacua of N = 8 Gauged Supergravity in 4 Dimensions,
Nucl. Phys. B 859 (2012) 70 [arXiv:1112.3345] NSPIRE).

[6] A. Borghese, A. Guarino and D. Roest, All Gy invariant critical points of mazimal
supergravity, JHEP 12 (2012) 108 [arXiv:1209.3003] [InSPIRE].

~ 18 —


https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/0550-3213(83)90480-7
https://doi.org/10.1016/0550-3213(83)90480-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB218%2C173%22
https://doi.org/10.1007/JHEP03(2012)064
https://arxiv.org/abs/1110.3454
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1110.3454
https://doi.org/10.1016/0550-3213(84)90286-4
https://doi.org/10.1016/0550-3213(84)90286-4
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB231%2C250%22
https://doi.org/10.1016/0370-2693(83)90383-0
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB128%2C169%22
https://doi.org/10.1016/j.nuclphysb.2012.01.023
https://arxiv.org/abs/1112.3345
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1112.3345
https://doi.org/10.1007/JHEP12(2012)108
https://arxiv.org/abs/1209.3003
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1209.3003

[7] A. Guarino and O. Varela, Dyonic ISO(7) supergravity and the duality hierarchy, JHEP 02
(2016) 079 [arXiv:1508.04432] [InSPIRE].

[8] A. Borghese, A. Guarino and D. Roest, Triality, Periodicity and Stability of SO(8) Gauged
Supergravity, JHEP 05 (2013) 107 [arXiv:1302.6057] [INSPIRE].

[9] I.M. Comsa, M. Firsching and T. Fischbacher, SO(8) Supergravity and the Magic of Machine
Learning, JHEP 08 (2019) 057 [arXiv:1906.00207] [INSPIRE].

[10] A. Guarino, J. Tarrio and O. Varela, Flowing to N' = 3 Chern-Simons-matter theory, JHEP
03 (2020) 100 [arXiv:1910.06866] [INSPIRE].

[11] A. Khavaev, K. Pilch and N.P. Warner, New vacua of gauged N = 8 supergravity in
five-dimensions, Phys. Lett. B 487 (2000) 14 [hep-th/9812035] [INSPIRE].

[12] C. Krishnan, V. Mohan and S. Ray, Machine Learning N' =8, D =5 Gauged Supergravity,
Fortsch. Phys. 68 (2020) 2000027 [arXiv:2002.12927] [INSPIRE].

[13] N. Bobev, T. Fischbacher, F.F. Gautason and K. Pilch, A Cornucopia of AdSs Vacua, JHEP
07 (2020) 240 [arXiv:2003.03979] [INSPIRE].

[14] H. Nicolai and N.P. Warner, The SU(3) x U(1) Invariant Breaking of Gauged N = 8
Supergravity, Nucl. Phys. B 259 (1985) 412 [InSPIRE].

[15] D.Z. Freedman, S.S. Gubser, K. Pilch and N.P. Warner, Renormalization group flows from
holography supersymmetry and a c theorem, Adv. Theor. Math. Phys. 3 (1999) 363
[hep-th/9904017] [INSPIRE].

[16] J. Distler and F. Zamora, Chiral symmetry breaking in the AdS/CFT correspondence, JHEP
05 (2000) 005 [hep-th/9911040] [INSPIRE].

[17] L. Girardello, M. Petrini, M. Porrati and A. Zaffaroni, Novel local CFT and ezxact results on
perturbations of N = 4 superYang-Mills from AdS dynamics, JHEP 12 (1998) 022
[hep-th/9810126] [INSPIRE].

[18] N. Bobev, N. Halmagyi, K. Pilch and N.P. Warner, Supergravity Instabilities of
Non-Supersymmetric Quantum Critical Points, Class. Quant. Grav. 27 (2010) 235013
[arXiv:1006.2546] [NSPIRE].

[19] T. Fischbacher, K. Pilch and N.P. Warner, New Supersymmetric and Stable,
Non-Supersymmetric Phases in Supergravity and Holographic Field Theory,
arXiv:1010.4910 [INSPIRE].

[20] T. Fischbacher, The Encyclopedic Reference of Critical Points for SO(8)-Gauged N = 8
Supergravity. Part 1: Cosmological Constants in the Range —A/g* € [6 : 14.7),
arXiv:1109.1424 [INSPIRE].

[21] P. Breitenlohner and D.Z. Freedman, Stability in Gauged Extended Supergravity, Annals
Phys. 144 (1982) 249 [NSPIRE].

[22] J.M. Maldacena, J. Michelson and A. Strominger, Anti-de Sitter fragmentation, JHEP 02
(1999) 011 [hep-th/9812073] [INSPIRE].

[23] G.T. Horowitz, J. Orgera and J. Polchinski, Nonperturbative Instability of AdSs x S°/Z(k),
Phys. Rev. D 77 (2008) 024004 [arXiv:0709.4262| INSPIRE].

[24] P. Narayan and S.P. Trivedi, On The Stability Of Non-Supersymmetric AdS Vacua, JHEP
07 (2010) 089 [arXiv:1002.4498] [INSPIRE].

~19 —


https://doi.org/10.1007/JHEP02(2016)079
https://doi.org/10.1007/JHEP02(2016)079
https://arxiv.org/abs/1508.04432
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1508.04432
https://doi.org/10.1007/JHEP05(2013)107
https://arxiv.org/abs/1302.6057
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1302.6057
https://doi.org/10.1007/JHEP08(2019)057
https://arxiv.org/abs/1906.00207
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.00207
https://doi.org/10.1007/JHEP03(2020)100
https://doi.org/10.1007/JHEP03(2020)100
https://arxiv.org/abs/1910.06866
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.06866
https://doi.org/10.1016/S0370-2693(00)00795-4
https://arxiv.org/abs/hep-th/9812035
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9812035
https://doi.org/10.1002/prop.202000027
https://arxiv.org/abs/2002.12927
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.12927
https://doi.org/10.1007/JHEP07(2020)240
https://doi.org/10.1007/JHEP07(2020)240
https://arxiv.org/abs/2003.03979
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.03979
https://doi.org/10.1016/0550-3213(85)90643-1
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB259%2C412%22
https://doi.org/10.4310/ATMP.1999.v3.n2.a7
https://arxiv.org/abs/hep-th/9904017
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9904017
https://doi.org/10.1088/1126-6708/2000/05/005
https://doi.org/10.1088/1126-6708/2000/05/005
https://arxiv.org/abs/hep-th/9911040
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9911040
https://doi.org/10.1088/1126-6708/1998/12/022
https://arxiv.org/abs/hep-th/9810126
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9810126
https://doi.org/10.1088/0264-9381/27/23/235013
https://arxiv.org/abs/1006.2546
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1006.2546
https://arxiv.org/abs/1010.4910
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1010.4910
https://arxiv.org/abs/1109.1424
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1109.1424
https://doi.org/10.1016/0003-4916(82)90116-6
https://doi.org/10.1016/0003-4916(82)90116-6
https://inspirehep.net/search?p=find+J%20%22Annals%20Phys.%2C144%2C249%22
https://doi.org/10.1088/1126-6708/1999/02/011
https://doi.org/10.1088/1126-6708/1999/02/011
https://arxiv.org/abs/hep-th/9812073
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F9812073
https://doi.org/10.1103/PhysRevD.77.024004
https://arxiv.org/abs/0709.4262
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0709.4262
https://doi.org/10.1007/JHEP07(2010)089
https://doi.org/10.1007/JHEP07(2010)089
https://arxiv.org/abs/1002.4498
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.4498

[25] H. Ooguri and L. Spodyneiko, New Kaluza-Klein instantons and the decay of AdS vacua,
Phys. Rev. D 96 (2017) 026016 [arXiv:1703.03105] [INSPIRE].

[26] F. Apruzzi, G. Bruno De Luca, A. Gnecchi, G. Lo Monaco and A. Tomasiello, On AdS7
stability, JHEP 07 (2020) 033 [arXiv:1912.13491] [NSPIRE].

[27] N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String landscape, black holes and
gravity as the weakest force, JHEP 06 (2007) 060 [hep-th/0601001] [INSPIRE].

[28] H. Ooguri and C. Vafa, Non-supersymmetric AdS and the Swampland, Adv. Theor. Math.
Phys. 21 (2017) 1787 [arXiv:1610.01533] [INSPIRE].

[29] 1. Bena, K. Pilch and N.P. Warner, Brane-Jet Instabilities, arXiv:2003.02851 [INSPIRE].

[30] E. Malek and H. Samtleben, Kaluza-Klein Spectrometry for Supergravity, Phys. Rev. Lett.
124 (2020) 101601 [arXiv:1911.12640] [INSPIRE].

[31] E. Malek and H. Samtleben, Kaluza-Klein Spectrometry from Exzceptional Field Theory, in
preparation.

[32] O. Hohm and H. Samtleben, Exceptional Form of D = 11 Supergravity, Phys. Rev. Lett. 111
(2013) 231601 [arXiv:1308.1673] INSPIRE].

[33] K. Dimmitt, G. Larios, P. Ntokos and O. Varela, Universal properties of Kaluza-Klein
gravitons, JHEP 03 (2020) 039 [arXiv:1911.12202] [INSPIRE].

[34] B. de Wit, H. Samtleben and M. Trigiante, The Mazimal D = 4 supergravities, JHEP 06
(2007) 049 [arXiv:0705.2101] [INSPIRE].

[35] B. de Wit and H. Nicolai, The Parallelizing S; Torsion in Gauged N = 8 Supergravity, Nucl.
Phys. B 231 (1984) 506 [INSPIRE].

[36] B. de Wit and H. Nicolai, The Consistency of the S” Truncation in D = 11 Supergravity,
Nucl. Phys. B 281 (1987) 211 [InSPIRE].

[37] B. de Wit, H. Nicolai and N. Warner, The Embedding of Gauged N = 8 Supergravity Into
d = 11 Supergravity, Nucl. Phys. B 255 (1985) 29.

[38] B. de Wit and H. Nicolai, Deformations of gauged SO(8) supergravity and supergravity in
eleven dimensions, JHEP 05 (2013) 077 [arXiv:1302.6219] [InSPIRE].

[39] H. Godazgar, M. Godazgar, O. Kriiger, H. Nicolai and K. Pilch, An SO(3) x SO(3) invariant
solution of D = 11 supergravity, JHEP 01 (2015) 056 [arXiv:1410.5090] [INSPIRE].

[40] E. Cremmer and B. Julia, The N = 8 Supergravity Theory. 1. The Lagrangian, Phys. Lett. B
80 (1978) 48 [INSPIRE].

[41] B. Biran, A. Casher, F. Englert, M. Rooman and P. Spindel, The Fluctuating Seven Sphere
in Eleven-dimensional Supergravity, Phys. Lett. B 134 (1984) 179 [INSPIRE].

[42] B. Ammann and C. Bér, The Einstein-Hilbert action as a spectral action, in Lecture Notes in
Physics. Vol. 596: Noncommutative geometry and the standard model of elementary particle
physics, F. Scheck, H. Upmeier and W. Werner eds., Springer, Berlin Germany (2002), pg. 75.

[43] A. Guarino, J. Tarrio and O. Varela, Brane-jet stability of non-supersymmetric AdS vacua,
arXiv:2005.07072 [INSPIRE].

[44] A. Guarino, D.L. Jafferis and O. Varela, String Theory Origin of Dyonic N = 8 Supergravity
and Its Chern-Simons Duals, Phys. Rev. Lett. 115 (2015) 091601 [arXiv:1504.08009]
[INSPIRE].

—90 —


https://doi.org/10.1103/PhysRevD.96.026016
https://arxiv.org/abs/1703.03105
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.03105
https://doi.org/10.1007/JHEP07(2020)033
https://arxiv.org/abs/1912.13491
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.13491
https://doi.org/10.1088/1126-6708/2007/06/060
https://arxiv.org/abs/hep-th/0601001
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0601001
https://doi.org/10.4310/ATMP.2017.v21.n7.a8
https://doi.org/10.4310/ATMP.2017.v21.n7.a8
https://arxiv.org/abs/1610.01533
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.01533
https://arxiv.org/abs/2003.02851
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.02851
https://doi.org/10.1103/PhysRevLett.124.101601
https://doi.org/10.1103/PhysRevLett.124.101601
https://arxiv.org/abs/1911.12640
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12640
https://doi.org/10.1103/PhysRevLett.111.231601
https://doi.org/10.1103/PhysRevLett.111.231601
https://arxiv.org/abs/1308.1673
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1308.1673
https://doi.org/10.1007/JHEP03(2020)039
https://arxiv.org/abs/1911.12202
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1911.12202
https://doi.org/10.1088/1126-6708/2007/06/049
https://doi.org/10.1088/1126-6708/2007/06/049
https://arxiv.org/abs/0705.2101
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0705.2101
https://doi.org/10.1016/0550-3213(84)90517-0
https://doi.org/10.1016/0550-3213(84)90517-0
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB231%2C506%22
https://doi.org/10.1016/0550-3213(87)90253-7
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB281%2C211%22
https://doi.org/10.1016/0550-3213(85)90128-2
https://doi.org/10.1007/JHEP05(2013)077
https://arxiv.org/abs/1302.6219
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1302.6219
https://doi.org/10.1007/JHEP01(2015)056
https://arxiv.org/abs/1410.5090
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.5090
https://doi.org/10.1016/0370-2693(78)90303-9
https://doi.org/10.1016/0370-2693(78)90303-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB80%2C48%22
https://doi.org/10.1016/0370-2693(84)90666-X
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB134%2C179%22
https://arxiv.org/abs/2005.07072
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2005.07072
https://doi.org/10.1103/PhysRevLett.115.091601
https://arxiv.org/abs/1504.08009
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.08009

[45] A. Guarino and O. Varela, Consistent N'= 8 truncation of massive IIA on S°, JHEP 12
(2015) 020 [arXiv:1509.02526] [INSPIRE].

[46] H. Nicolai and H. Samtleben, Compact and noncompact gauged mazximal supergravities in
three-dimensions, JHEP 04 (2001) 022 [hep-th/0103032] [INSPIRE].

[47] T. Fischbacher, private communication.

[48] T. Fischbacher, H. Nicolai and H. Samtleben, Vacua of mazimal gauged D = 3 supergravities,
Class. Quant. Grav. 19 (2002) 5297 [hep-th/0207206] [INSPIRE].

[49] 1. Basile, J. Mourad and A. Sagnotti, On Classical Stability with Broken Supersymmetry,
JHEP 01 (2019) 174 [arXiv:1811.11448] [nSPIRE].

- 21 —


https://doi.org/10.1007/JHEP12(2015)020
https://doi.org/10.1007/JHEP12(2015)020
https://arxiv.org/abs/1509.02526
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1509.02526
https://doi.org/10.1088/1126-6708/2001/04/022
https://arxiv.org/abs/hep-th/0103032
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0103032
https://doi.org/10.1088/0264-9381/19/21/302
https://arxiv.org/abs/hep-th/0207206
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0207206
https://doi.org/10.1007/JHEP01(2019)174
https://arxiv.org/abs/1811.11448
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.11448

	Introduction
	Kaluza-Klein spectroscopy
	SU(8) mass matrix

	The SO3 x SO3-invariant AdS4 vacuum
	Scalar harmonics
	The Kaluza-Klein spectrum
	Conclusions
	SU(8) vs. SL(8,R) bases

