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We revisit various aspects of AdS, flux vacua with scale separation in type II supergravity and M-theory.
We show that massless IIA allows both weakly and strongly coupled solutions for which the classical
orientifold backreaction can be fine tuned. This is explicitly verified by computing the backreaction at
leading order in perturbation theory. We give evidence that the strongly coupled solutions can be lifted to
scale-separated and sourceless (but classically singular) geometries in 11D supergravity.
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I. INTRODUCTION

The extra dimensions of critical string theory and M-theory
are a blessing and a curse at the same time. They are a
blessing since they provide a way to arrive at low-energy
theories in 4D with many fields and interactions, starting
from a unique theory in higher dimensions. They are a curse
in the sense that we do not observe extra dimensions up to
energies currently explored in accelerators. This means that
one has to face an enormous hierarchy problem from the
start; why are the visible dimensions at least of the Hubble
scale and the compact dimensions of vastly smaller length
scales?'

Compactifications with a high degree of computational
control exist when a sufficiently large amount of supersym-
metry is preserved. In such compactifications to Minkowski
space, the volume modulus of the compact dimensions can
be a flat direction, also at the quantum level. In that case,
it is not difficult to find solutions with arbitrarily small
volume since the volume can be dialed at will. However,
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Brane-world scenarios form an interesting alternative, which
we do not discuss in this paper.
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once supersymmetry is broken to N =1 or even N' = 0,
this feature is lost. Indeed, particle physics and cosmology
tell us that supersymmetry is broken at low energies. We
therefore need to understand whether scale-separated vacua
with little or no supersymmetry are possible in string theory.
Once this is understood, we can turn to the question of how
we ended up in such a vacuum.

In this paper, we take a modest attitude and investigate to
what extent anti—de Sitter (AdS) vacua with stabilized modes,
N <1 supersymmetry and scale separation can be found.
To be as explicit as possible, we restrict to vacua that can be
constructed at leading order in o' or in the 11D Planck length,
i.e., we consider solutions of 10D supergravity with orienti-
fold sources and solutions of 11D supergravity.

Whether string theory admits scale-separated AdS vacua
in this setting is still under debate. There is a common belief
that scale separation can only be achieved in the presence of
orientifold sources, see [1-4] and references therein. This
belief is based on lacking examples of scale-separated vacua
without orientifolds. Still, it can be explained if some
assumptions about compactification geometries are made
[2], see however [4]. Furthermore, a number of swampland
conjectures about scale separation in AdS have been pro-
posed. In particular, the strong AdS distance conjecture
(ADC) of [5] states that, for supersymmetric AdS vacua,
there cannot be a parametric scale separation between the
AdS curvature scale and the mass scale of an infinite tower of
states. Further refinements of this conjecture were proposed
that take into account log corrections [6] or the presence of
discrete symmetries [7].

On the other hand, several constructions in the literature
suggest that string theory does admit AdS vacua with a

Published by the American Physical Society


https://orcid.org/0000-0003-4886-6586
https://orcid.org/0000-0003-2986-6337
https://orcid.org/0000-0002-6695-1496
https://orcid.org/0000-0002-7294-3580
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.126014&domain=pdf&date_stamp=2021-12-13
https://doi.org/10.1103/PhysRevD.104.126014
https://doi.org/10.1103/PhysRevD.104.126014
https://doi.org/10.1103/PhysRevD.104.126014
https://doi.org/10.1103/PhysRevD.104.126014
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

N. CRIBIORI et al.

PHYS. REV. D 104, 126014 (2021)

parametric scale separation. In 2005, DeWolfe, Giryavets,
Kachru, and Taylor (DGKT) constructed an infinite class of
AdS vacua with some appealing properties in that regard [8].2
The DGKT vacua were constructed in massive IIA super-
gravity compactified on Calabi-Yau (CY) 3-folds with inter-
secting O6 planes, Ramond-Ramond (RR) p-form (F,) and
Neveu—Schwarz Neveu—Schwarz (NSNS) 3-form (H;)
fluxes. An interesting feature of these vacua is that the Fj
form flux quanta are unbounded. When these fluxes are sent to
infinity, we find arbitrarily weak coupling, large volume and
small cosmological constant, while the ratio between the
Kaluza-Klein (KK) scale Lk and the AdS length scale Ly
goes to zero. This suggests that these vacua are in very good
control and achieve arbitrarily good scale separation.

The results of DGKT have been generalized in several
ways. First, while the DGKT vacua possess N = 1 super-
symmetry, there are also nonsupersymmetric solutions with
the same properties regarding control and scale separation
[11-13]. Similar results were furthermore found for com-
pactifications of massive IIA on G, holonomy spaces down
to three spacetime dimensions [14] (see also [15]). Moreover,
the DGKT solutions are part of a larger class of vacua for
which the CY condition is relaxed to an SU(3)-structure
condition [16]. Whether these vacua are scale separated is
case dependent and can be rather subtle [17] (see also [18] for
a recent related study). Finally, scale-separated AdS solutions
are claimed to exist in IIB supergravity on SU(2)-structure
geometries with intersecting O5/07 planes [19,20].

The focus of our paper is to revise and scrutinize some of
the results regarding these non-CY solutions in ITA/IIB
supergravity. Concerning the IIB solutions, we rectify some
statements made in the earlier works [19,20]. In particular,
we explain that the existing solutions have vanishing cycles
in the proper weak-coupling limit and hence provide no
good backgrounds.

However, the main purpose of this paper is to strengthen
the evidence for scale-separated AdS, vacua of IIA and
M-theory. In particular, we construct a class of such solutions
without Romans mass by performing two (formal) T-dualities
of the DGKT solutions and their nonsupersymmetric cousins.
While this class of T-dual solutions was discovered before in
[16], we identify specific scaling limits where the back-
reaction of the O6 planes becomes arbitrarily small. This
allows us to explicitly compute the backreaction at first order
in a large-flux expansion using the techniques of [21]. The
class of solutions we study contains both weakly and strongly
coupled limits. In the latter case, we also explicitly compute
the lift to M-theory.

Our solutions are the first examples of scale-separated
AdS solutions which neither require Romans mass nor a
smearing of the O-planes. Thus, they address some
worries about backreaction that have been expressed in
the past [22,23].

*These solutions were inspired by the earlier works [9,10].

Indeed, all previously known scale-separated AdS vacua
were derived in the approximation where the O-plane back-
reaction is ignored. On general grounds, one constructs a
superpotential and Kéhler potential in the lower-dimensional
supergravity and finds vacua of the resulting F-term poten-
tial. To obtain a consistent lift to 10-dimensional solutions,
one needs to smear out the O-planes over the compact
dimensions [24,25]. However, since O-planes live at the fixed
loci of involutions, they cannot be smeared and the approxi-
mation seems bad. Nonetheless, such a smearing procedure is
the standard way to ignore variations inside the internal
dimensions, which are features at or above the KK scale and
irrelevant to the 4D EFT.

One can worry that somehow the backreaction is worse
than naively expected as claimed in [22,23]. However, it has
recently been understood that there are regimes in which the
backreaction is well controlled and explicitly computable
even for solutions with intersecting sources. In particular,
[21,26]3 computed the backreaction of O6 sources in the
DGKT vacua at leading order in perturbation theory and
found no obstacle to the existence of a solution. Analogous
conclusions can be drawn in no-scale Minkowski compac-
tifications [28] (see also [29]).

Nevertheless, one might wonder whether subtleties
arise due to the presence of Romans mass. Indeed, the
lack of an uplift to eleven dimensions hinders a non-
perturbative understanding in that case. For that reason,
we consider the non-CY AdS, solutions T-dual to DGKT
since they exist without Romans mass. The class of
solutions we construct can be argued to be lifted to
11D without the need of explicit sources. This seems to
provide a counterexample to the assumptions made in the
no-go theorem of [2]. In particular, our solutions provide
evidence for geometries which, despite having no sepa-
ration of scales between internal and external curvature,
do allow for a separation between AdS and KK scale.
Furthermore, our solutions are potential counterexamples
to the strong AdS distance conjecture of [5].

This paper is organized as follows. In Sec. II, we explain
the definition of scale separation and briefly review related
no-go theorems and swampland conjectures. In Sec. III, we
T-dualize the DGKT vacua to massless IIA and identify
weakly and strongly coupled scaling limits with parametri-
cally small backreaction. We also comment on earlier
claims in the literature about scale separation in IIB. In
Sec. IV, we compute the first-order backreaction of the IIA
solutions, and in Sec. V, we lift the strongly coupled
solutions to M-theory. In Sec. VI, we briefly discuss an
alternative localization method using the pure-spinor equa-
tions. We conclude in Sec. VII with a discussion of our
results and future research directions. The details of several
longer computations can be found in Appendixes A-D.

3This paper relied on earlier insights of [27].
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II. SCALE SEPARATION IN 10D AND 11D

A. Definition of scales and their separation

Below, we recall some basic facts about the definition of
scale-separated vacua and choices of units. We consider a
general compactification from ten down to D dimensions.
It is useful to study the role of the string coupling and the
volume. For that, we start with the 10D metric in string frame,

ds%o = T(z)r_zdszD + pds%O_D. (2.1)

Here, p(19-P)/2 denotes the volume in 10D string frame,
which assumes that the metric ds?,_,, describes a compact
space with unit volume. Here and in the following, we will set
2n¢, = 1. The KK scale Lgk is thus estimated to be

The scalar 7 is defined as
02 = 27072 )"5", (2.3)

such that ds?, is the metric in D-dimensional Einstein frame.
For simplicity, we assume negligible effects from the warp
factor and dilaton variations inside the extra dimensions,
throughout this whole section. We will however be more
careful about such effects in later sections. In our notation,
Tg, po describe the vacuum expectation values. In the
literature on compactifications, one occasionally leaves
out the compensating 73 factor in the reduction ansatz.
This then implies the choice of D-dimensional Planck units,
as can be verified from dimensional reduction,

Sp D / dPx\/gp(tB?Rp + - —BV), (2.4)
D

where ... represents all omissions, such as kinetic terms for
the scalars, and V is a (dimensionless) scalar potential. We
conclude that the Planck scale is fixed by M, = 7. In the
vacuum, the Einstein equations tell us that

D

Rp =———=M3V.

~— (2.5)

So, there are two length scales associated with this vacuum—
the curvature radius Ly and the “inverse vacuum energy
length scale” L, defined as follows:

Mp|V|]/2
D-DD-2)

-1 _
=

L' =M,|VIVP. (2.6)

Scale separation is then the condition that the KK scale
decouples from the length scales of the noncompact manifold
(either Ly or L,). In this paper, we are interested in a
separation between Lyxyx and Ly. This requires (in the
vacuum)

Lix
L—2 NpoT%|V| < 1.

H

(2.7)

From here on, we assume full geometric moduli stabili-
zation and negative vacuum energy since the very exist-
ence of de Sitter solutions in string theory remains a
substantially debated issue.”

If the criterion (2.7) is satisfied, we can call a string
vacuum genuinely lower-dimensional since then the KK
masses are heavy compared to the AdS scale. In particular,
(2.7) guarantees the existence of an energy range between
the AdS scale and the KK scale where we have a consistent
description in terms of a 4D effective field theory (EFT)
involving a finite number of degrees of freedom. Note that,
besides the KK tower, there may in general be further light
states which could also invalidate the 4D EFT description of
a given compactification. We will not study this possibility in
this paper.

Of course, Eq. (2.7) is not sufficient for a decoupling of
KK modes since it uses the overall volume as a proxy for the
KK scale. Manifolds can be highly anisotropic when they
have small and large cycles at the same time. We regard (2.7)
as a necessary condition instead. In Sec. III, we will be more
careful and consider the length scales associated with
individual cycles. Note also that our universe satisfies the
generically much stronger constraint of scale separation
between the cosmological-constant scale and the KK scale;
Lgk/L, < 1. This condition will not be satisfied in any of
the models we discuss here.

B. 11D vs 10D

Supergravity solutions with large string coupling are not
to be trusted since stringy corrections are out of control.
However, in ITA supergravity we can give meaning to a
strongly coupled supergravity solution by uplifting it to 11D
supergravity. The classical 11D solution can be trusted if
curvatures are small. Below, we will uplift such strongly
coupled solutions, so let us compare the definition of scale
separation in the different duality frames. For simplicity, we
will specialize to D = 4.

Going from 11D to 10D string frame proceeds via the
ansatz,

ds?, = e_%¢d5%o + eg‘f’(dz +C))?, (2.8)

*If we regard Minkowski vacua as formally having Ly — oo,
then they are automatically scale-separated. Minkowski solutions
with geometric moduli stabilization are not known, and, without
SUSY, it is unlikely they exist, see [30]. With SUSY, all known
vacua feature massless modes. The equivalence principle would
hence be violated in such a lower-dimensional vacuum and lower-
dimensional general relativity would not be recovered.
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with C; the KK one-form that becomes the RR one-form of
type ITA. The radion e is identified with the string coupling.

The 7D volume is independent of C; and equal to p3e‘§‘/’.5

A necessary condition for scale separation in the M-theory
frame (at strong ITA coupling) using 10D language is given
by the requirement,

~ 6 2
Ly _ple”
1y - b
H H

(2.9)

where L and Ly are the M-theory AdS length scale (with

Ly= e‘%‘/’LH) and the volume scale of the 7D internal
manifold, respectively.

At weak coupling, in the ITA duality frame, we instead
require (2.7), pL7? < 1. Because we look at manifolds
with anisotropic scalings, the condition (2.9) is necessary
but not sufficient. We give the precise requirement later.
However, the point of (2.9) is that the condition for scale
separation at strong coupling can be stronger than the naive
10D condition (2.7), in particular when the M-theory circle
is sufficiently large compared to p.

C. A no-go theorem and its assumptions

It is well known that constructing Minkowski and de
Sitter solutions with fluxes on a compact and static
manifold requires at least orientifold singularities (sources)
[31]. On the other hand, AdS vacua without orientifolds are
easily obtained, but all such examples we know of are not
scale separated. Given that Minkowski vacua can be seen as
a limit of scale-separated AdS vacua (since Lgg remains
finite whereas Ly — o), one can wonder whether also
orientifolds are required for scale-separated AdS vacua.
One easily shows that 10D (and 11D) supergravity com-
pactifications without orientifolds obey [2]

‘ Jd%y\/gaR,
f ddy\/@&‘

where the integral is over d = 6 or 7 compact dimensions,
R, denotes the Ricci scalar of the internal manifold and R,
the Ricci scalar of the external 4D manifold (in 10D string
frame). The number c¢ is always of order one. The result
(2.10) implies that there is no separation of scales between
the curvatures. In turn, this forbids scale separation as
defined earlier in (2.7) and (2.9) if one assumes that the
internal curvature length scale Lp, defined as

<c, R; >0, (2.10)

Lz* = vol! /ddy\/@Rd, (2.11)

cannot be decoupled from the KK scale (i.e., from Lgy for
d =6 and Lgy for d = 7). Here we again define the KK

>Our convention for the length of the M-theory circle is such
that 2z¢, =27t = 1.

scale as the volume scale [cf. (2.2), (2.9)], which, as
explained above, can of course differ from the actual
KK scale. Recently, a much more in-depth and precise
analysis appeared in [4] that took into account warping
effects and found them to be possibly relevant.

It naively seems easy to decouple the curvature scale
from the volume scale by simply considering a Ricci-flat
compact space. However, the supergravity equations insist
on a positive Ricci tensor. To obtain scale separation
without orientifolds, we want to evade the aforementioned
assumption (2.11). We thus require a family of compact
manifolds with a positive Ricci tensor for which the ratio
Lyxk/Lg can be made parametrically small (not large).
In other words, we want to shrink the KK scale at fixed
curvature. We are not aware of a single smooth Riemannian
manifold with this property, while at the same time the
Ricci tensor is positive definite. For pedagogical purposes,
Appendix A contains five classes of simple example
metrics where the ratio Lgg /Ly is studied. Only certain
examples with nonpositive-definite Ricci tensors were
found to allow a decoupling in the right direction.

To our knowledge, no examples of flux geometries that
bypass the assumptions of the no-go theorem in [2] for
scale-separated flux vacua are known in the literature.
However, this does not mean that no counterexamples
could exist. In fact, an important result of this paper is a
concrete proposal for such a counterexample, which is
obtained by lifting orientifold flux vacua of 10D IIA
supergravity to 11D supergravity. The resulting 7D internal
geometries will circumvent the assumptions in the no-go
theorem, i.e., the curvature and KK scale will be decoupled,
but at the expense of a singular geometry. The singularity is
not supported by an explicit source in 11D. As we will
explain in more detail below, it is natural to assume that it is
resolved in M-theory in the same way as the singularities of
06 planes in flat space. However, we remain open minded
to the possibility that this could be false.

D. Swampland considerations

Guided by a generalization of the distance conjecture
[32] and by explicit examples in string theory, it was argued
in [5] that AdS vacua in string theory come with a tower of
states whose mass scale m behaves as

A—>0->m~]|A]* in Planck units,  (2.12)
with @ > 0 and A being the value of the scalar potential V
in the AdS minimum.® In particular, it is conjectured that
a = 1/2 for supersymmetric AdS vacua. The latter case,
which is also referred to as the strong AdS distance
conjecture, would not allow for a separation of scales
between the Hubble length and the tower with mass scale m

®Reference [6] argued for certain “log corrections” to the
conjectures.
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since the product m Ly remains of order one. If correct, the
DGKT vacua are in the swampland and something in their
construction would have to be flawed.”

Note that m in Eq. (2.12) is not necessarily the KK scale
but more generally refers to the mass scale of any light
tower of states. Indeed, as stated before, the phenomeno-
logical condition of scale separation for AdS vacua is aimed
at being able to write down an EFT with finite degrees of
freedom. In this paper, we focus on the specific case in
which the tower of states is the KK tower.

Reference [7] suggested an intriguing refinement of (2.12)
that allows scale separation under the condition that discrete
gauge symmetries are present. The refined conjecture is then
consistent with the DGKT vacua but inconsistent with the
3D AdS vacua of [14] that are constructed from G,
orientifolds [33]. Below, we will discuss solutions that are
T-dual to the original DGKT solution and lift them to
M-theory. The discrete gauge symmetries of the DGKT
solution are invariant under string dualities and therefore one
can show that our solutions satisfy the refined conjecture of
[7] but violate Eq. (2.12) for a = 1/2.

Finally, a related but weaker conjecture appeared in [34].
It states that AdS vacua always come at least with one field
¢ that is light in the sense that the mass m; cannot be
parametrically heavy in AdS units:

myLy = O(1). (2.13)
As explained in [34], this has relevance for supersymmetry
breaking and might explain the difficulties in finding
controlled dS vacua from uplifting mechanisms. This weaker
conjecture (2.13), named the AdS/moduli conjecture in [6],
is furthermore closely related to the refined dS conjecture
[35-37] when applied to negative potentials. Note that
DGKT vacua are consistent with (2.13).

III. SCALE-SEPARATED SOLUTIONS FROM
SMEARED ORIENTIFOLDS

A. Scale separation in IIA

Historically, the first flux vacua with scale separation
were found in the context of Romans IIA supergravity
compactified on (generalized) Calabi-Yau spaces with O6
planes. This setup was analyzed in [9,10,38] and then
more extensively in [8], where it was realized that the
solution becomes scale separated in the weak-coupling
limit. Note that in these AdS vacua all geometric moduli
are stabilized. They are hence quite remarkable in many
aspects. A 10D understanding of these solutions turns out
to be much simpler and reveals that the solutions are really

7Alternatively, a tower other than the KK tower restores the
strong ADC, but no obvious candidate tower has been identified.
In principle, it could also be possible that the SUSY DGKT
solutions break supersymmetry when the O6 planes are fully
localized.

only understood in the limit in which the O6 planes can be
regarded as smeared [16,25] (see also [24]). It is often
considered to be a problematic feature when O-planes are
smeared, but this is potentially based on certain miscon-
ceptions. Certainly, O-planes are localized objects in
string theory and, unlike D-branes, cannot be stacked.
However, the smearing is only a formal device to find a
1-1 map between the lower-dimensional supergravity and
the 10D equations of motion. The smearing approxima-
tion amounts to solving the integrated 10D equations and
is expected to approximate the true solution in the weak-
coupling, large-volume limit. Indeed, this expectation was
explicitly confirmed in [21,26], where “first-order” back-
reacted solutions were found for the DGKT vacua,
demonstrating how the smeared solution becomes better
approximated in the wanted limit of weak coupling. The
same behavior was also verified in [28] for no-scale
Minkowski vacua in massive IIA supergravity.

In what follows, we briefly review a subclass of solutions
of ITA supergravity with fluxes and O6 planes, defined by
the condition that the internal manifold has an SU(3)-
structure group. We will recall the general solution from a
10D viewpoint, as found in [25]. Many more details, such
as the 4D moduli stabilization, can be found in several
references, such as [8,11,16].

The general form of the 10D supersymmetric solutions
was found in [25,39] (see also [10] for earlier work).
It involves NSNS 3-form flux H5 and the RR fluxes F, F>,
F,, Fg, and can be written in terms of the Kéhler 2-form J,
the complex-structure 3-form €, and the torsion classes W;
(in string frame),8

Hy = 2mReQ, (3.1)
g, Fo = 5m, (3.2)
9sF> Z%J-HW% (3.3)
9. F,y = %m] A, (3.4)
g:F¢ = 3mdvolg. (3.5)

We see that there are two parameters m and 7 that also fix
the 4D AdS curvature and part of the torsion,

dJ = 2mReQ, (3.6)

4.
dQ:—glmJ/\J—i—Wz/\J, (3.7)
$Our normalizations of J and Q are such that *oJ = —%J AJ,

*6Q = —iQ, Q A Q= —3iJ% = 8idvolg, and we set g, = e?.
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(3.8)

The source term describing the O6 planes (and possibly D6
branes) in the F, Bianchi identity (and also in the Einstein
equations and the dilaton equation) is given by’

2
gojz = idW, + <§ m? — 10m2> ReQ.  (3.9)

It can be shown that this form corresponds to the smearing
of a source that captures four mutually intersecting (sets of)
06 planes [16] (consistent with orientifold involutions and
projections). One can easily derive that [1,20]

Ry 16m* + 10m* — 8|q|
R, 6 m? + in?

, (3.10)

where ¢ is the O6-charge density. So, clearly without O6
planes we cannot achieve scale separation of the curvatures.
The solutions on Calabi-Yau spaces fall into the class
with /1 = 0 and W, = 0. Let us recall how scale separation
is achieved there. The Bianchi identities leave the F4 flux
unconstrained, whereas F is bounded by the RR tadpole
[8]. Let us therefore introduce a (discrete) parameter n such
that
F4~n, FONHO. (311)
One can check from (3.2) and (3.4) that the other quantities
must scale like
gy, m ~ n%, J~nl/2, dvolg ~n*2.  (3.12)
We can fix a from the source form (3.9) since we cannot let
the O6 charges scale. This gives ReQ ~ n™*. Assuming
ImQ ~ReQ ~ n~?, we then find from J? ~Q A Q that
a=-3/4. We have thus shown that supersymmetric
solutions of the above type come in families with a free
parameter n. The large-n limit amounts to weak coupling,
large volume and scale separation since

L2
SKK 1 S 0,
LH

(3.13)

One can show that the smeared IIA equations of motion
(cf. Sec. IV and Appendix B) are invariant under the n
rescalings even without imposing supersymmetry. The same
large-n limit can therefore also be taken in nonsupersym-
metric solutions [13].

“This is the source that enters the equation dF, = FoH3 + j3. It
is related to the conventions of Sec. IV and Appendix B as follows:
J3==2%jn ImQ=3"dvol,, and gixs(ImQA j3) =
=29, > i J, = 32q, where g is the O6-charge density.

Clearly, the Calabi-Yau solutions are only a subset out of
many possibilities. In particular, putting the torsions (72, WV,)
to zero eliminates F, and F 6.10 When the torsions are
nonzero, we move away from the CY limit and the situation
is more complicated. In particular, the O6/D6 sources are
still (generalized) calibrated [40] but they do not have to
wrap cycles that are nontrivial in homology over the real
numbers. For instance, there are some simple examples in
which they wrap cycles that are nontrivial in homology over
the integers (torsional cycles) [41]. This makes it consistent
to have solutions with zero Romans mass despite the naive
RR tadpole coming from the F, Bianchi identity. Since we
are interested in solutions that can be lifted to 11D super-
gravity, we pay particular attention to the set that has Fy = 0
and thus m = 0. A particularly interesting example of this
family can be found by a formal double T-duality, as was
suggested in [22] and made very explicit and simple in [16].
When the original solution has a toroidal covering space, the
double T-dual solution is an orbifold of a nilmanifold.

Let us go through some of the steps and start off with the
flat metric on 7T°,

dsg = (Lye')? + (Lye?)? 4 (Lse?)* + (Lye)?

+ (L3€*)? + (L1e°)?, (3.14)

where e™ = dy™. For simplicity of the presentation, we

only keep three deformation parameters L, L,, and L.
We choose the O6 involution such that we have four

sets of 06 planes'' wrapping the cycles defined by the

following volume forms,'?

el A e A ed, e Aet A el

e ned A el el Aet Al (3.15)
We can then use the formulas in [42] to find the following

SU(3)-invariant forms,

J=—L%'%—L3e** + L3e%, (3.16)
ReQ = L, LyLy(e* + 336 — 13 _ ¢125) (3,17
ImQ = L L,L3(e'? + &' 4 26 + ¢3%),  (3.18)

where, e.g., ¢!® = ¢! A ¢° and similarly for the other forms.
The fluxes are given as in (3.1)-(3.5) with m =0
and W2 =0.

""Note that F > and F¢ denote the improved field strengths here.
On the other hand, the associated flux numbers in the flux
superpotential (e, and m, in the notation of [8]) are nonzero in
general.

More precisely, there are eight parallel O-planes in each
direction and thus 32 O-planes in total (see also Appendix D).

"The actions of the orientifold involution and the orbifolding

on the ¢ in our conventions are stated, e.g., in [42] in Sec. [V. B.
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If we T-dualize along directions 1 and 6, we obtain the
metric

dsg = (Li'e")? + (Lye?)? + (L3e®)* + (Lye*)?

+ (L3e)? + (L7'e®)?, (3.19)
where now e! and ¢° are not closed,
de! = =B — %, de® = —e3% — %, (3.20)

Note that we relabeled 1 <> 6 and set the structure constants
to —1." The SU(3)-structure forms become

J=—L%e'S — L3 + L3, (3.21)
ReQ = LL,L;(e*0 + 36 — 13 — ¢125)  (3.22)
ImQ = LyL,L3(e'? + &' + e¥0 + ¢3%),  (3.23)

81 : 2,16 2,24 2,35
Wz = Tl(—ere + L2€ - L3€ ), (324)

where we defined Ly = L]‘I. The fluxes are as in (3.1)—(3.5),
with m = 0 and 7 =  Ly/(L,Ls). The F, Bianchi identity
reduces to
gsjz + 10*ReQ = 0. (3.25)

The above geometry is known as an Iwasawa manifold and
was studied in [16] (see also [9,11,38]).

Using (3.6)—(3.9), one infers that this solution is part of a
larger class of solutions with m =0, 7/ # 0 with the
following scaling behavior,

(a=b—c)/4

Ly~n , (a—b+c)/4

Ly~n , Ly ~ nlatb=c)/4

’

a—-3b-3c)/4 (326)

LH ~ n(a+b+c)/4’ gy~ n( ,
where the scaling exponents a, b, and ¢ are free parameters.
These scalings are engineered in exactly such a way that the
current j3 does not scale and hence the orientifold charge
stays fixed at order one. Using the above expressions in
(3.1)—(3.5), one finds that the RR form fields scale as follows:
F ¢ scales like n“, the component of F, along e scales as n?,
the component along e** scales as n¢ and the component
along e'® does not scale. We therefore require a, b, ¢ > 0 so
that the large-n limit is compatible with flux quantization.

"The two T-dualities also change the cycles that the O6 planes
wrap but, after relabelling the directions 1 and 6 via 1 <> 6, the
O6 planes have the same volume forms as in the original
expression (3.15). Depending on which flux numbers one
chooses in the DGKT solution, the structure constants fl,; =
flus = 34 = f®s5 = f on the T-dual side can differ. We fix

= —1 here, which can be done by an appropriate rescaling of
the vielbeins (see also Appendix D).

In what follows, we take without loss of generality ¢ > b.
We will furthermore assume b > 0. As we will see below,
this is required to control the backreaction.

Our choice of scaling exponents is such that the second
2-torus, with associated length scale L,, is the largest one
(if ¢ = b, the third 2-torus, with length scale L, is equally
large). We will therefore assume that the KK scale is given
by Lk ~ L,. One may wonder whether the presence of the
geometric fluxes invalidates this naive estimate of the KK
scale. This can be checked by considering the spectrum
of the Laplacian on our twisted torus. To this end, we
generalized the 3D formulas of [43] to our 6D case with
several geometric fluxes (see Appendix C). The result is
that the geometric fluxes increase the eigenvalues of some
of the KK states by terms of the order 1/L,L;. However,
the lowest-lying states still have eigenvalues ~1/L3 as on a
flat torus so that our estimate Lgyx ~ L, is correct.

As reviewed in Sec. I, scale separation requires the AdS
scale Ly to grow faster than the KK scale Lgk in the large-n
limit. We find

LZ
—EE~nt. (3.27)
LH

Since b > 0, the solution is scale separated for every
choice of a, b, and c¢. Note that scale separation with
respect to the KK scales of the other 2-tori (with length
scales Ly and L5) is automatically implied here since L, is
the largest length scale.

As can be seen from (3.26), weakly coupled solutions
exist when b + ¢ > . As an example, we take L = L, = L3
such that b =c. Whena=1,b =c¢ :;11, we find

Ly~ n, L ~ni, Ly ~ 1, g, ~n7s. (3.28)
We also have large volume because volg ~ L2L* ~ ni. This
shows that weak coupling, large volume, and scale separa-
tion are possible in massless type IIA supergravity.'*
There also exist scale-separated solutions at strong cou-
pling suitable for an uplift to 11D. Because of (3.26),
(parametrically) ~strong coupling implies b +c¢ <4%.

Consider for instance Eq. (3.26) witha = 1,b = ¢ = % then

Ly ~ nts, L ~n, Ly ~ n, gy ~ns.  (3.29)
This corresponds to strong coupling, large volume and scale
separation from a IIA viewpoint. However, such a viewpoint
is not attainable anymore and this solution is properly
described by a weakly curved solution in 11D. As we will

see below, a consistent lift requires localizing the orientifold

“In [16], a different scaling limit involving a rescaling of the
06 plane charges was argued to lead to scale-separated vacua.
However, these charges are fixed in string theory so that we do
not consider such limits here.
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planes. In particular, the backreaction is precisely such as to
make F, closed, such that we can locally write F, = dC,
and use the standard dictionary for the 11D metric (2.8). We
will also see that the localization will not alter the values of
the coupling or overall volume, up to parametrically small
corrections. We can therefore already verify whether or not
the solution passes the criterion of 11D scale separation
discussed in Sec. II B. We find indeed that it does, because

the length scale of the second torus, g{l/ L, is larger than the

one of the M-theory circle, g%/ 3. Because of (2.8), the KK

and AdS scales in the 11D and 10D metrics are then related
-1/3

by I’:KK = gS_l/3LKK ~ gS_l/3L and IZH = s LH' We thus
have
j2
s ) (3.30)
L
H

Similarly to the 10D case, one may again be worried that the
nontrivial fibration of the M-theory circle for C; # 0 could
affect our estimates of the KK scales. In particular, the
nonclosure of e*=dz+ Cy is given by F,, which has
components scaling nontrivially with n [see the discussion
below (3.26)] and might thus have a large effect on the KK
spectrum. Applying the formulas of [43] to our 7D case, we
find that F', increases the squared masses of the KK modes
along the M-theory circle by subleading terms of the order
ﬁz/gy3 ~n 13« g;4/3 ~ n~ /12 However, the lightest KK
modes do not receive such corrections so that Ly ~ g;]/ ’L
as on a flat torus.

There is one more crucial aspect that needs to be checked
in order to consider these vacua as possibly meaningful.
Since they are derived in the smeared approximation, one
needs to make sure that smearing can be justified here,
given that large coupling potentially implies significant
backreaction of the O6 sources. The smearing approxima-
tion relies on a limit in which the smeared solution
approximates the localized solutions arbitrarily well, away
from the singularities [21,26,28]. Localized sources tend to
deform their neighboring spacetime up to a characteristic
distance after which the deformation quickly dies out. For
an O6 plane in flat space, this distance is g, in string units
and it is thus small at weak coupling.” In order to verify
whether the backreaction is small within a compactifica-
tion, one needs to compare this distance with the length
scale of the cycle transverse to the orientifold plane. If we
call the latter length scale L, then we require g,/L to be
small. Indeed, it was explicitly verified for concrete
examples in [21,26,28] that the supergravity fields, sym-
bolically denoted S, organize themselves in an expansion of
the form

"Here we mean the distance measured in the unbackreacted
Minkowski metric. Note that the warped metric becomes ill-
defined near the O-plane in the supergravity approximation.

(3.31)

gs\'
S_So+;c,<i> ,
with S, the smeared solution. In DGKT, one has g,/L ~
1/n [21,26].
For each of the O6 planes in our setup, taking L to
be the volume scale of the orthogonal spaces yields
L = (LyL,L3)"3. We thus find

(3.32)

We stress that this is a necessary but not a sufficient condition.
Indeed, we will see below that, in our solutions, the back-
reaction is somewhat stronger than the above estimate. The
reason is that some of the cycles in our compactification
space grow much faster than others at large n such that the
transverse space of the O6 planes is effectively less than
three-dimensional in this limit. As will be shown in Sec. IV
and Appendix D, the backreaction scales like

gsL2 —b
~n
LyL,

(3.33)

in our case, which is larger than (3.32) (recall that ¢ > b) but
remains small in the large-n limit.

We conclude that, despite the strong coupling, the
smeared approximation is at least as well motivated as
for the weakly coupled solutions. This means that, as a pure
supergravity solution, the backgrounds might make sense.
Of course, those backgrounds are not meant to be trusted as
IIA string theory solutions but rather as M-theory back-
grounds. The rest of this paper is devoted to studying the
localization and uplift of these solutions. However, before
doing so, we briefly recall and revise what is known about
scale-separated vacua in IIB supergravity.

B. Scale separation in IIB?

Reference [20] claims that SUSY scale-separated solutions
of type IIB supergravity can be found from SU(2)-structure
backgrounds with smeared O5 and O7 planes. Upon a closer
look, we find no such solutions in the considered setups that
have a parametrically large volume of all cycles and at the
same time parametrically weak coupling. Since Ref. [20]
focused on the overall volume and not on all individual
cycles, this was left unnoticed. Looking at all the different
examples in the literature [19,20], we find that there is no
known example in which all individual volumes in the
internal space become parametrically large while the string
coupling becomes parametrically weak and we have para-
metric scale separation. Hence the existence of such sol-
utions, i.e., the analog of the DGKT [8] solution in type IIB,
remains an open problem.]6

16See [15] for recent work on scale separation in three-
dimensional flux vacua of IIB on cocalibrated G, orientifolds.
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IV. FIRST-ORDER LOCALIZATION OF IIA
SOLUTIONS

The solutions presented in the previous section were
obtained in the smeared approximation. In particular, this
means that the dilaton and the warp factor e* are constant.
When the sources are localized, we expect them to acquire
a nontrivial profile along the internal manifold. It is thus
convenient to restore the warp factor explicitly in the 10D
string-frame metric,
ds%ozwzgﬂydxﬂdx”_i_gmneme”’ W(y) :LHeA(y)’ (41)
where g, is the unwarped AdS, metric with unit radius,
while the indices m,n = 1,...6 run over the internal
directions. The internal metric g,,,(y) also differs from
the smeared solution. We define the vielbeins as in
Sec. IIT A.

In what follows, we describe the first-order localization
of the scale-separated AdS, solutions presented in Sec. III
A, for the case m = 0. This follows the same logic as the
first-order localization for the case /m = 0 carried out in
[21]. In order to be self-contained, we recall the bosonic ITA
field equations with sources in Appendix B. The most
important equations will be the F, Bianchi identity and the
Einstein and dilaton equations, as they contain the O6
sources. For later convenience, we state them here in the
smeared approximation,

0=dFy +2) ja. (4.2)
0= 12—— 3 L|F 2 4= TZJ”, (4.3)
q=2,6
= —T2R _ 2
P (|F B = L5l
q 2,6
+ Z( imn — )leri7 (44)
T . .
0=—-24-+ 2T R, g™ + 22 Js (4.5)
where we set 7 = e~ and used that Hy = Fy = F, = 0 in

the smeared solution. Furthermore, II; ,,, is the projector
onto the world-volume of the ith source (with IT; ., = g,
for directions parallel to the source and zero otherwise).
The j,’s are constants which represent the smeared
sources. In the localized equations, the sources are properly
described by delta distributions. Our conventions for
smeared and localized sources are stated in Appendix B.

The main strategy in this section will be to first make an
ansatz for an expansion describing the localization of the
sources order by order. Using this ansatz, we will then show

that all equations of motion reduce to a single Poisson
equation, which can be solved explicitly.

A. Ansatz

In the following, we denote by subscripts 1, 2, 3 the three
(twisted) 2-tori with volumes L%, L3, and L3, respectively.
For example, g, denotes the 2D block of the metric
corresponding to the first torus, i.e., g; = diag(g;1, ges)>
etc. Let us also decompose F, according to which legs it
has on each of the three 2-tori,

Fy=Fy1+Frp+Foz+Frin+ Faroz+ Frsi. (4.6)

For example, F, ; means both legs on the first torus, while
F, 1, means one leg on the first torus and one leg on the
second one. The last three components in the above
expression for F, are absent in the smeared approximation
but are generated by the backreaction.

Following [21], we can now make an ansatz for the
backreacted solution in the large-n regime, at first order. We
already know from Sec. III A how the fields in the smeared
approximation scale with n. The nontrivial part is finding
the scaling with n of the first-order correction. However, we
will see below that the scaling we choose is consistent with
the equations of motion."’

For the dilaton and warp factor, we have

et =T = n(3b+3c—a)/4[’f(0) 4+ TMp=b O( —2b)}

(4.7)

Lye* =w = nlatbta/4[0) 4y

O]
(4.8)

Here 7, w() are the expansion coefficients of our
large-n expansion, which themselves do not scale with .
In particular, 7(© and w(® denote the (constant) dilaton
and warp factor in the smeared approximation, but with the
n-scaling taken out. 7 and w(!) are functions of the
internal coordinates y™ and encode the backreaction. This
notation facilitates the order by order analysis since it is an
expansion in an inverse power of n.
Similarly, we write for the metric components,

(0)

—bh— 1 _ _
(a=b=0)/2 gmn,l +g§m>1,1n b+o(n Zb) ’

(4.9)

Gmn,1 = 1N

""The general logic is that coefficients at order m in perturba-
tion theory are sourced by the fields at order m — 1 and solved at
order m — 1 in the equations of motion.
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Gnp = 0P/ [gﬁ,?,l,z + g+ 0<n-2”>} . (4.10)

Gmns = n(d+b—C)/2 [95321,3 + g’g’)ﬁn—b + O(n_Zb)} , (411)

where 9532,,1 = L(T0 )25mn and analogous relations hold for

the other components. For F, and Fg, we write,

Fg=ne|FY + O(n‘b)}, (4.12)
Fpy =no|FY) + (’)(n‘h)} , (4.13)
Fpp=n®|F3) + F{n + O(n‘zh)} . (4.14)
Fys = nb| FO 4 Fpb 4 (’)(n‘zb)} (4.15)

23 2.3 23 ’ :

Frp= nle=b)/2 [Fglfz + (9(”_b/2>] ) (4.16)
F2,23 = f’l(c—b>/2 |:F<21%3 + O(l’l_b/z)] s (417)
Fys =n® [F;}gl + O(n"’/z)] . (4.18)

The overall scalings with n are fixed by what we found
earlier for the smeared solution in Sec. III A (aside from H3,
F, and F, which are zero for m = 0). We keep F; = O atall
orders since it is a quantized constant which is not supposed
to receive 1/n corrections. Furthermore, we have not written
out the expansion coefficients of F, and H; since keeping
them zero is consistent at the order we are working with. Our
qualitative conclusions are insensitive to the actual values of
these coefficients. For instance, in the M-theory lift, they
would be subleading corrections in the expressions for the
11D 4-form field strength. Finally, the reason we choose n~"
as expansion parameter is because the backreaction correc-
tions of the O6 planes are suppressed precisely with that
factor, as motivated in Appendix D.

We are interested in solutions where the three 2-tori scale
differently with n. As explained in Sec. III A, we consider
¢ > b > 0. For ¢ > b, the second 2-torus is the largest one,
followed by the third and the first torus. Note that
the opposite regime ¢ < b corresponds to a relabeling
of the 2-tori so that we can neglect it. In the special case
b = c, the second and third tori scale the same and the first
torus is parametrically smaller. This particular scaling is our
focus in Sec. VI, where we discuss an alternative localization

in pure-spinor language, mimicking [26]. In the present
section, we proceed with ¢ > b.

There is one more crucial assumption we will use in the
following. Since our twisted torus is highly anisotropic at
large n, we expect that the backreaction of the O6 sources
effectively only generates field profiles along the second
2-torus (or, in the case b = ¢, the second and third 2-tori).
On the other hand, any field profile along the smaller 2-tori is
expected to become extremely small at large n and thus be
invisible at the first order we consider here. This assumption
can be motivated by considering the backreaction in simple
systems such as a field satisfying a Poisson equation on a 3D
torus or on a very thin cylinder. Studying such toy models,
one finds that, at distances from the source that are larger
than the sizes of the small cycles, the backreaction becomes
effectively 1D, i.e., the field only acquires a profile along the
largest cycle, up to nonperturbatively small corrections (see
Appendix D for a detailed discussion). We expect the same
behavior to arise in the large-n limit of our more complicated
partial differential equation system. We will therefore
assume that the first-order coefficients are functions of y2,
y* (or, for b = ¢, functions of y?, y3, y*, y) and set all other
derivatives to zero in the relevant equations. Likewise, all 3D
delta sources §(rz;) appearing in the equations effectively
become 1D (or 2D) delta functions in this regime.

B. Solution

We are now ready to substitute the above ansatz into the
equations of motion (see Appendix B) and expand in 1/n.
The F, Bianchi identity is of particular importance and
yields

d(F;;+F;; by FY) 4 Pl
/2‘|‘F2 1> :_22513’

where we used that dF(2 =dF 23) 0.'"
below that ng% =0, F; 1)2 = F523 =0 unless b =c.
The smeared Bianchi identity (4.2) furthermore implies
dF) = =237, ji5. Hence, (4.19) simplifies to

+ FYyn(e (4.19)

We will see

1 1 1 1 1
(P4 P+ P+ P+ L)
= -2) (6 —Jn)-

The F, equation of motion only restricts F, to be
coclosed, which will be satisfied in our solution.

(4.20)

""Recall from Sec. IITA that Fy)~ e, FY)~e¥ with
de? = de’3 =de* =de® = 0.
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Furthermore, the Fg field equations imply that the leading
corrections to Fg are a harmonic term plus a term depend-
ing on w(!) and g,(ﬁ,z We do not spell these corrections out
here as they will not play a role in the remainder of
this paper.

The Einstein and dilaton equations yield at leading order,

0)2 02
0= 127( +4T( 5 V2l 4+ TOy27 ()
_Zq_|p |2+ 70 Z‘S”l (4.21)
q=2.6
(02
0= —T02R0) _ 702 4 4T 5 w0
W(O) m¥n
1
+z gnTONV2T () +2T<°>Vm8n7 W
+ = z <|F mn m"|F | )
q 2,6
.
+§ij(nf% 3 ,S?,l) TO6(r). (4.22)
7(0) 70
0=—8V2 T -24= 16—V2 D 42T R gO)mn
w
+2TO R}l "’”+226 (423)

where RE,?}I denotes the Ricci curvature of the smeared
metric (with the n scaling taken out) and

1 1
RSﬂlY)l = _Eg(o)”vmvngg’{) + ng)rs(vsvmggl)

1
+VV,gim) =5 Vg (4.24)
As in [21], we do not display a superscript “(0)” on

covariant derivatives and source terms to avoid cluttering
the equations with too many indices. In particular, V,, =

V9 and V2= gm"(O)VES)VfP) . In deriving the above
equations, we used our assumption that the first-order

coefficients w(!), 7, and gﬁ,ly)l only depend on the
coordinates y2, y* of the largest 2-torus (or, in the special
case b = ¢, on the coordinates of the two large 2-tori).
Furthermore, we used the fact that, in the smeared solution,
the warp factor, the dilaton and the internal metric are
(covariantly) constant so that w®, 7 and g,(,?f, do not
appear under derivatives.

In order to simplify the above equations, we now use the
smeared Egs. (4.3)—(4.5) to substitute the terms labeled by
“(0)” by the smeared sources j,. Equations (4.20) and
(4.21)—-(4.23) then simplify to the following Bianchi
identity and Poisson equations

a( P+ P+ P+ Pl + £ )

=2) (jis = 6a) (4.25)
V2T = 3 (Jz, — 6(x;)), (4.26)
o S -0, (420
and
TORM — 4£z)vma,,w<l) —2v,,0,TM
—Z( g —T1 )(j,,,.—5(n:,-)). (4.28)

Since the equations at this order are linear, the solution
with several (intersecting) sources is just the sum of
several solutions with one source. For such a single-source
solution, we can then make the ansatz

wl) = w0)g. T = 3708, (4.29)
G = 20mBi G = =20 (4.30)
F(zll)z + Félgl = 47(0)*g(i)d/},», (4.31)

where f3; is a scalar function of the coordinate(s) orthogonal
to the ith O6 plane. By g,, and g,,; we denote the
components of the metric parallel and orthogonal to the
source, respectively. This ansatz is inspired by the back-
reaction of orientifolds in no-scale Minkowski solutions
[29]. However, this ansatz is not yet sufficient to solve the
F, Bianchi identity and the F, equation of motion at linear
order. Assuming that the leading terms in our expansion are
given by the supersymmetric solution of Sec. IIl A, one
finds that the following terms have to be added to F,,

(0) 7 (0)
L
F(21;+F213)+F212>3 =-70 L(0)2 (4ﬂi€24+ddT(§i624))
3
L@L@
+TO=E (03 (4p;€¥ +dd"(&:e%)),
L,
(4.32)
where we define d' = *éo)d*éo) and V2§i = 10B,.

Analogous expressions can be derived if the leading terms
are nonsupersymmetric. Further note that off-diagonal
metric components (with each index on a different 2-torus)

are sourced at the order n(¢3=¢)/2 by the corresponding
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off-diagonal Einstein equations. We do not spell out these
additional metric corrections here, as they are not relevant
for our analysis.

Substituting (4.29)-(4.32) in the above equations of
motion, we find that all equations reduce to a single
Poisson equation,

1

V2 = 270 (Jz, = 8(;)).
In our setup, we have 32 intersecting O6 planes (with eight
parallel O-planes in each direction, see Appendix D). The
result for all intersecting O6 planes is thus given by the sum
of 32 Green’s functions f;, which have support on the
spaces orthogonal to the ith source. For b < ¢, these spaces
are effectively 1D. For example, let us label with i = 1 one
of the 06 planes with volume form ¢'?*. We then have
V2 = ¢*0)(9,)? and §(x;) ~ 8(y*). The solution in the
range y* € [—1,1] is, up to an O(1) prefactor,

0")?

i) Ny .

(4.33)

(4.34)

In the special case b = ¢, we would instead have VZ =
g*0(8,)* + ¢ (95)? and 5(, ) ~ 5(y*)5(y°). The func-
tion 3, (y*,y°) would then be given by the familiar Green’s
function on the 2D torus, i.e., the log of a Jacobi theta
function.

V. LIFT TO 11D

The purpose of this section is to lift the previously found
10D strongly coupled solution to 11D. We will give evidence
for the existence of 11D geometries which allow a separation
of scales without sources but are classically singular.
Interestingly, taking into account the corrections coming
from the first-order localization in 10D will be crucial to get
the correct sign of the internal curvature of the 7D manifold.

A. 11D solution

The 11D bosonic supergravity equations of motion are'

~ 1, & 1, 4 1, 4
ZZ_EQZZR:§|G4|?z_ZgZZ|G4|2’ (5'1)
Ry, _§|G4|MZ’ (5.2)
N 1, 4 1,4 ) 1, 2 2
Ryn ) unR = 5 |G4|MN _ZgMN|G4| . (5.3)
. 1
d*11G4 —§G4 A\ G4 = 0 (54)

We have not displayed curvature corrections here, which
might be relevant for the resolution of the O6 sources in the 11D
uplift.

The hat is used to denote 11D quantities. We choose to
work in a vielbein basis with circle fiber e* = dz + C;.
Dimensionally reducing these equations on the M-theory
circle gives rise to the ITA equations. We can establish the
correspondence between the 11D and 10D equations
explicitly by writing the 11D metric as

ds?, = T*3ds?) + T~*3(dz + C))>. (5.5)
Here 7 is the coordinate of the M-theory circle, 7 = e~ is
the ITA dilaton, C| is the RR 1-form potential and ds?, is the
IIA string-frame metric given by (4.1). The M-theory 4-form
flux is related to the IIA fluxes as (Gy)pyvrr = (F4)yngp
and (Gy)yyr. = (H3)yng- In the absence of Hj, we thus
have

G4 - F 4 (56)

where F4 can have both spacetime-filling and internal
components. As in the previous sections, we assume that
the internal components of F, vanish and choose to express
external F, flux in terms of its dual internal Fg flux.

We stress that the 11D lift is only possible if one takes into
account the backreaction corrections computed in Sec. IV.
Indeed, one cannot uplift the smeared solution since F', is not
closed in that case and cannot be written in terms of a
potential C;. However, the O6 backreaction makes F', closed,
at least away from the localized sources (as implied by the
Bianchi identity dF, = =2, 8;3). A crucial question is of
course what happens at the loci of the delta functions.
A natural guess is that, zooming into these regions, the
solution will resemble an O6 plane in flat space. Unlike the
lift of a D6 brane, the lift of an O6 plane in flat space is not
regular. Nonetheless, the singularity in M-theory does not
require an explicit source from the viewpoint of the equations
of motion and is expected to be resolved to a smooth
geometry by quantum effects [44]. Similarly, quantum/
curvature corrections may remove the singularities in our
case. However, since our linearized solution is only valid
sufficiently far away from the O6 planes, we cannot provide a
definite answer here and leave a more detailed analysis of this
point for future work.

An interesting observation that may support the above
interpretation is the fact that our 11D solution is not warped.
The 10D geometries with metrics (4.1) are warped when the
06 planes are localized. However, according to the uplift
formula (5.5), the uplifted geometry is not warped if
w2 ~T~2/3, This relation is obeyed for O6/D6 sources in
flat space and for no-scale Minkowski solutions supported
by fluxes and O6/D6 sources [25,29].%° Interestingly, our

“This relation for instance implies that the no-scale vacua
supported by F, flux on generalized CY spaces with O6/D6
sources lift to singular G,-holonomy compactifications of 11D
supergravity [45].
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results in Sec. IV imply that indeed w? ~ 7~2/3 at the order
of perturbation we work in. Our 11D solution is therefore
unwarped at the linear order. It is tempting to take this as
further evidence that the 11D solution is sourceless, as
proposed above. However, since the ITA solution has
multiple intersecting sources, it is not obvious whether such
a simple relation between the warp factor and the dilaton still
holds when backreaction corrections beyond first order are
included.

B. Curvature

In what follows, we discuss the internal curvature of the
7D manifold. In particular, we will show explicitly that the
backreaction corrections computed in Sec. IV are crucial to
make the curvature consistent with the 11D equations of
motion.

We denote the 11D metric with a hat, the 10D string-
frame metric without a hat and the unwarped metric with a
tilde as before, dsi; = g, dx*dx" + §,,e"e" + § . e%€
with .am/ = T2/3gﬂl/ = 72/3W2§ﬂw .@mn = Tz/3gmn’ and
G.. = T~*3. Let us also express the 11D curvature tensor
in terms of the 10D one,

R, =—-V*T +— (97T )? T
+ ? |Fal?, (5.7)
N w? 10w w?
Rm/ - _ﬁg/wva 3T g/w(aw)(aT) 7—2 g/u/(aT)z
— 3G, (0w)? —=wg,, V*w — 37, (5.8)
N 2
R, = —?Vmﬁn’f V o,w + (5‘ 7)(0,7)
L V2T — =2 (ow)(OT)
37— gmn 3WT gmn w
1
_ﬁgmn(atz—)z _ﬁ|F2|3nn +Rn1n‘ (59)
The 7D internal Ricci scalar is
o 10 2 16
R7 = 37_5/,3 VZT + 37’8/3 (87)2 - W (8w) (87)
4 1
=T 2 ——278/3 |F>? + a7 Re: (5.10)

Substituting the 11D quantities into (5.1) and (5.3), we
recover the 10D dilaton and Einstein equations as a
consistency check.

The Einstein Egs. (5.1)and (5.3) imply that R7 is positive
and R4 is negative,

N

4
Ri= L |FP>0. Ry=—— |FgP <0, (5.11)

678/ 379/

where we used that the external G, satisfies |G4|* =
—T-8/3|F¢|>. We further observe that the ratio R;/R, is
order one, consistent with the no-go theorem of [2] reviewed
in Sec. II C. However, we also showed in Sec. III A that the
11D solution is scale separated. Our solution must therefore
circumvent the assumptions of the no-go. In particular, this
implies that the KK scale is parametrically decoupled from
the internal-curvature scale in our case.

We now turn to the importance of the backreaction
corrections. It is instructive to compute R, for a general
uplift with constant warp factor and dilaton. Using (5.10),
we find

Ry |F>f?

R; = T23 " 78/3°

(5.12)
where Ry and |F,|* are computed in 10D string frame as
before. One can verify that the scalar curvature of the
Iwasawa manifold of Sec. III A is negative, Rq < 0.
Therefore, in the smeared approximation, one falsely con-
cludes R; < 0. This is inconsistent with the 11D supergravity
equations, which, according to (5.11), imply that R, is
positive. Therefore, the corrections induced by backreaction
should flip the sign,

- Re |F|?

7= P ETERY Y] + backreaction corrections > 0,

(5.13)

where by the first two terms we mean the smeared
expressions. We conclude that the backreaction corrections
should be of the order of the negative terms and positive in
order to overshoot them. Of course, this is guaranteed by the
equations of motion, but nevertheless it is instructive to see
how it happens precisely.

Substituting the expansion (4.7)—(4.18) into (5.10), we
find at leading order in 1/n,

1

»_ —a/3-b—c (0) _(0)mn
R7 =n / |:T(O)2/3 Rmng( ) - 2,2— )8/3 |F2 |
1 (1) (©0)ymn _ 27(1)
oz Rmng 37 5/3 sroen Y T
4 2
- (1)
ooV ] (5.14)

The corrections (i.e., the last three terms) are derivatives of
the 10D dilaton, the warp factor and the internal metric. Such
terms are of the same size as the terms that are kept in the
smeared limit in the most well-understood compactifica-
tions. That the corrections change the sign of R; might seem
in contradiction with the backreaction being small, but this is
actually not the case, as explained for instance in [21,29,46].
The up-shot is that corrections to the 4D effective action
remain volume and coupling suppressed even though
corrections to the 10D/11D equations are relevant.
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Upon using the equations of motion in the smeared
approximation, together with (4.26)—(4.28) away from the
sources, (5.14) can be simplified to

7

7 —a/3—b—c
67 (0)8/3

Ry =n FO2 50, (5.15)
We thus see that the 7D internal curvature is manifestly
positive, in agreement with (5.11), which was obtained by
direct computation in 11D. As shown before, we further-
more have R, /R, of order one, consistent with the claims in
[2], but the 11D solution is scale separated, despite R;/R,
being order one. This explicitly demonstrates how the
assumptions in [2] are circumvented.

VI. COMMENTS ON THE PURE-SPINOR
APPROACH

In the previous sections, we localized solutions with
orientifold sources to first order in a large-n expansion, in
a class of backgrounds comprising the double T-dual of
DGKT vacua and following the procedure of [21]. This
method only relies on the equations of motion and thus
captures both supersymmetric and nonsupersymmetric sol-
utions. Instead, the work [26] employed pure-spinor equa-
tions to compute the backreaction of supersymmetric DGKT
vacua and found that the smeared solution with SU(3)
structure is deformed to a localized one with SU(3) x SU(3)
structure, up to first order in the expansion parameter g.
In particular, in [26] it was shown that the localized version
of DGKT cannot be embedded into an SU(3) structure. Pure-
spinor equations are equivalent to Killing-spinor equations,
and thus this second approach captures only supersymmetric
solutions.

The complete SU(3) x SU(3)-structure solution of the
type ITA supergravity pure-spinor equations can be found for
example in [27]. However, on top of the given expressions
for the fluxes one still has to impose the Bianchi identities,
which are not encoded in the pure-spinor equations.
Therefore, the strategy in [26] is to solve the F, Bianchi
identity with an educated ansatz, while showing at the same
time that such an ansatz is compatible with the general
SU(3) x SU(3) solution of [27].

A posteriori, the first-order correction to F, found in [26]
can be organized with a simple logic; it amounts to dressing
the basis one forms in J and Q with the warp factor
associated to the given sources and then plugging the
rescaled J and Q into the general warped SU(3)-structure
expression for F,. Such a localization prescription was
previously suggested in [25]. For example, when consid-
ering a single source, the basis one-forms are corrected by
e — efe™

if e™ is parallel to the source, (6.1)

em — e e if e™ is orthogonal to the source.  (6.2)

The generalization with multiple intersecting sources cor-
responds to

PN CZ" Signi(’”)Aiem’ (63)
where the sum is performed over the different O6 sources,

where A; is the warp factor associated to the ith source and
sign;(m) is +1 (=1) if ¢ is parallel (orthogonal) to the ith

source. The total warp factor is then e* = ezi A In practice,
all of this implies that in our setup the three-form € receives
corrections but the two-form J does not, since it has always
one leg parallel and one orthogonal to the source.

The first-order localization of the DGKT solution forced
the authors of [26] to pass from an SU(3) to an SU(3) x
SU(3) structure, because the former cannot accommodate
nontrivial warping if the Romans mass is turned on. Besides,
with constant warping, the Bianchi identity of F, with
localized sources cannot be satisfied. However, our double
T-dual solution belongs to massless type IIA supergravity
and thus its localization might in principle be captured by an
SU(3) structure. Below, we give a simple argument showing
why this does not seem to be the case and thus even a first-
order localization of the double T-dual of the DGKT solution
might require the full SU(3) x SU(3)-structure framework.

Massless type IIA supergravity compactified on a 6D
manifold with SU(3) structure allows for nonconstant
warping [47]. The general solution is

H; =0, (6.4)
g, Fy =0, (6.5)
g, Fy, = =5ime™J — J7! d(e 3 ImQ), (6.6)
g F, =0, (6.7)
g,F¢ = 3me *dvolg, (6.8)

where now the constant dilaton is g, =e?™4 since
d(¢ — 3A) = 0. The operator J~!_ means that we construct
a bivector out of J and contract it with the form it acts on.”!
Warping also corrects the torsion classes, which for our
Iwasawa manifold are

dJ = 2ime™"ReQ, (6.9)

4
dQ:—igﬁw‘AJ/\J—l-WQ/\J—I—dA/\Q. (6.10)

When trying to apply the prescription (6.1)-(6.2) of
dressing the vielbeins we soon encounter a problem.

2'We define the contraction with a p-form @, such that

J_lep — (p_lz)!2 (J—l)n]nZCU

P
ny...n
e e,

niny...n,
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Indeed, J is not corrected while Q is, but they both have to
satisfy (6.9). Taking for concreteness an O6 plane parallel
to e'23, we find that

dJ = L2(e%56 + 236 — 125 _ o134y, (6.11)
On the other hand, this should be equal to
2/ie " ReQ = %e‘AReQ — L2[e #6236
—e!? — 134, (6.12)

Therefore, we see that the term ¢*® does not match unless
the warping is trivial, A = 0. Even ignoring this issue, in
our setup the dressing method of the SU(3)-structure
solution results in an unsolvable F, Bianchi identity at
leading order. This leads us to conclude that our AdS,
solution cannot be properly localized within the framework
of an SU(3) structure. We expect that a full supersymmetric
local solution should be described in the context of
SU(3) x SU(3) structure.

Having argued for the need to look at the full SU(3)x
SU(3)-structure framework, one can try to follow the
approach of [26] and localize the solutions we are looking
at by using pure-spinor equations. The logic is to solve the F,
Bianchi identity with an educated ansatz, which has to be
compatible with the SU(3) x SU(3)-structure expressions of
[27]. In what follows, we employ the Hodge decomposition
to give an expression for F, that solves the Bianchi identity.
A complete match to the SU(3) x SU(3)-structure is more
intricate than in [26] and we leave it for future work.

By exploiting Hodge decomposition, the RR two-form
can be written as a sum of coexact, exact, and harmonic
pieces, respectively,

Fy = dTK + dC + Fham, (6.13)

We notice that only the coexact piece contributes to the
Bianchi identity

dd'KC = -2) 55 (6.14)

Then, the goal is to find an expression for X in terms of the
real two-form J and holomorphic three-form Q of the
smeared solution, given in (3.21)—(3.23). For simplicity, we
work here in the case in which b = ¢ and L, = L; = L.

Note that all expressions below are meant to hold at
linear order in the large-n expansion. Unlike in previous
sections, we will adopt a compact notation where we do
not spell out the n scalings of the various terms explicitly.
The reader should therefore keep in mind that objects like

J, Q, L;, etc., scale nontrivially with n (see Sec. III A).
Also note that the Laplacian and the Hodge operators in
this section (including implicit ones in d') are constructed
with the smeared metric and contain a nontrivial scaling
as well.

Since we assume the O6 planes to preserve supersym-
metry, the delta three-form entering the Bianchi identity has
to satisfy the calibration conditions > ;83 A J =0 =
> 763 A ReQ [24]. These in turn give a constraint on
K, namely dd"K AJ=0=dd"K A ReQ. Taking this
information into account, we found that the following
form of C solves the Bianchi identity,

5
K =-20 ReQ + K. (6.15)

K:LﬂReQ+Rek+d;MJ,
T

(6.16)

where k is a primitive (2,1)-form. It is such that it satisfies

32
P ®i
—ReQ + Rek = E 4 —dvol;y, ;, 6.17
Ly € & - Ly VOl3 ] ; ( )

where ¢, equals, up to a constant factor, the Green’s
function f; of Sec. IV and dvols, ; is the volume form
orthogonal to the ith O6 plane. The function ¢ represents a
superposition of Green’s functions corresponding to each
of the 32 O6 planes (¢ = ), ¢;), whereas y satisfies
V2y = 8Lz g, (6.18)
as a consequence of the calibration conditions. Note that, in
our conventions, ¢ and y do not scale with n.
We also found a one-form
C, =d"(yJ), (6.19)

such that the coexterior derivative on K can be combined
with the exterior derivative on C to result in

d'K +dC, = —J~' [ d[AL7'gImQ — %K + *¢(dy A J)]
+4L7' )" dImQ. (6.20)

The logic behind the last step is to let the operator J~!_
appear explicitly in the final expression for F,, in order to
facilitate the comparison with the solution of the pure-spinor
equations of [27]. For completeness, we also give the
harmonic part of Fj,

Fham = 3img1 (0, + J3), (6.21)

where we are splitting
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J=J, +Jy,+ I3, Jy = —L%e',

J, = —L%e*, Jy = L?%e®. (6.22)
The equation of motion for F, [see Eq. (B1)] in absence of
H; and F, flux is solved by (6.13) with our K from (6.15) if
the one-form C satisfies

C: ——C].

5 (6.23)

Eventually, the full expression for F, solving the Bianchi
identity and equation of motion for calibrated sources is

Fy = =5ing;'J, + 3mg; ' (J, + J3)
- J_lLd[4L;1(pImQ - *GK + *6(d)( A\ J)]

5 .
+4L7' ) dImQ — 2 dd" (7). (6.24)

The formulation for K and C presented here together with
Egq. (6.13) could be useful to match (6.24) with the SU(3) x
SU(3) expression [48]. This is more involved than in [26]
because there the requirement that F'¢ is vanishing simplifies
the problem. We leave this for future work.

VII. CONCLUSIONS

In this paper, we studied AdS vacua of type IIA string
theory and M-theory dual to DGKT [8]. An interesting
property of such vacua is a parametric scale separation
between the AdS curvature scale and the KK scale. These
vacua are thus potential counterexamples to swampland
conjectures forbidding such a behavior, in particular to the
strong form of the AdS distance conjecture [5]. In addition,
a common criticism in the literature is that the DGKT
solution requires smeared sources and nonzero Romans
mass. Our main result is the construction of solutions
without these two requirements.

Our starting point was a family of smeared AdS solutions
of (massless) type IIA [16] which are related to DGKT by
two (formal) T-dualities. We then computed the first-order
O-plane backreaction in these solutions using the technique
of [21]. This approximation turned out to be valid in two
interesting regimes with parametrically small backreaction;
a weakly coupled regime admitting a family of solutions in
perturbative type ITA and a strongly coupled regime with a
family of solutions that can be lifted to M-theory. We
explicitly constructed the lifted solutions and verified that
they indeed exhibit parametric scale separation.

Note that the earlier work [22] already attempted to
construct IIA/M-theory duals of DGKT. However, the
authors concluded that neither a weakly coupled IIA nor
a strongly coupled M-theory description is uniformly valid
in regimes with scale separation. Let us explain how our
analysis differs from the approach of [22]. First of all, we

considered more general scalings of the fluxes than in [22].
This allowed us to identify the regimes in which a consistent
weakly coupled IIA or a strongly coupled M-theory
description is indeed possible. A second point is that [22]
attempted to lift a smeared ITA solution rather than a properly
backreacted one. The RR field strength F, is not closed in
the smeared solution such that the familiar IIA/M-theory
dictionary cannot be used. This problem was circumvented
in [22] by considering a modified expression for F, which
was chosen by hand to satisfy the properly localized Bianchi
identity. However, this ignores that the O6 planes also
backreact on all other fields. We have seen that taking into
account these backreaction effects is crucial in order to be
able to solve the 10D and 11D equations of motion.

Although our results suggest that type IIA and M-theory
admit scale-separated AdS vacua, several open questions
remain. In particular, our first-order 10D solution is only
reliable in regions of the compact manifold where the
O-plane backreaction is small. In the large-volume regime
we considered, this is true almost everywhere on the manifold
except at parametrically small, substringy distances to the
O-plane sources where the curvature and the dilaton diverge
and string corrections blow up. It would be important to
understand better what happens in this near-source region.
On physical grounds, it is natural to expect that, zooming into
this region, the usual solution for an O6 plane in flat space is
recovered. If this is true, the 11D solution should resemble
the Atiyah-Hitchin manifold [44] in the regions where our
first-order result is not reliable. Our first-order 11D solution
would then correspond to the large-volume approximation
of a smooth, sourceless M-theory geometry with scale
separation. A possible worry with this interpretation is that
problems might arise at the loci where several O6 planes
intersect. It would certainly be important to gain more insight
into this region. A first step in this direction could be to
compute higher-order corrections in the backreaction. We
leave a detailed analysis of these issues for future work.

Another point worth mentioning is that our construction
also provides the M-theory duals for the nonsupersymmetric
solutions of [11-13], as they arise in the same class of
compactifications that yield the DGKT vacua. Our results
thus suggest that M-theory also admits nonsupersymmetric
AdS vacua with scale separation. However, contrary to the
supersymmetric solutions, it is a priori not clear whether the
nonsupersymmetric ones are stable, and it would be inter-
esting to analyze this further.

Finally, a long-term goal is to determine in general the
necessary and sufficient conditions under which string theory
admits scale-separated AdS vacua. We pointed out an
apparent obstruction to such vacua in type IIB orientifolds,
revising earlier statements in the literature. It would be
interesting to see whether our arguments can be generalized
to a full no-go theorem in type IIB. One may also ask how
the strong ADC has to be modified if our IIA/M-theory
solutions are indeed counterexamples. As discussed earlier,
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our solutions do satisfy the refined version of the ADC [7] but
other solutions seem to violate it [14]. The correct formu-
lation of the ADC is therefore an open question. It would
certainly be important to analyze this further, e.g., using
asymptotic scaling symmetries [21] or from a holographic
perspective [49,50]. We hope to come back to some of these
issues in the future.
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APPENDIX A: VOLUME VERSUS CURVATURE
SCALE: EXAMPLES

Let us study five examples of compact curved spaces
with both signs of the curvature. However, we have to keep
in mind that for our purposes we are eventually interested in
compact spaces which have an everywhere positive Ricci
scalar. Since the volume is not always a good measure of
the KK scale, we also introduce Ly defined as vol; = L,
for a d-dimensional space.

(1) Consider a product of two 2-spheres with different

radii L; and L,. Then we have

L2 L, L
—¥~—1—|——2> 1.
Ly L, L,

(A1)
So, decoupling is possible but not in the direction we
are interested in. We cannot shrink Ly at fixed Lp.

(2) Consider the orbifold $"/Z;. The curvature is
k-independent, but the volume scales as 1/k. So,
at fixed curvature, we can obtain small volume by
increasing k. Unfortunately, here the volume is a bad
measure of the KK scale since the orbifolding only
affects the degeneracies of eigenmodes of the Lap-
lacian (see, e.g., [50]). The KK scale does therefore
not decouple from the curvature scale.

(3) Consider Riemann surfaces with genus g > 1. For
the fixed curvature R = —1, we have that the volume
L% is given by

L} ~2(g—1). (A2)

Again, the decoupling is in the wrong direction and

we cannot shrink the volume at fixed curvature

radius.

(4) Consider 3D nilmanifolds: The Laplacian and KK
spectrum for them was discussed in [43,51]. As a
group manifold, they have one nonzero structure
constant, which we take to be f',5. The structure
constants are discretely quantized in terms of an
integer N. The curvature of such a manifold is
given by

1

R=— BLPL( 00 (A3)

where L, L,, L3, are the sizes of the three radii
such that L, = (L,L,L;)"/3. We then find

Ly, L2
_V~_21|N|_
Ly L3}

(A4)
Increasing |N| does not improve scale separation,
so we keep N fixed. By taking L? much smaller
than L}, we can however obtain a separation.
In this case, the manifold scales nonisotropically
but it can be done in such a way that the KK modes
associated to the separate circles remain heavy at
fixed curvature.”

(5) Consider a d-dimensional torus with a metric that is
conformal to the flat torus

(AS)

d
ds? = e?B) [Z dxlz] ,
=1

where x; ~ x; + 1. If we take a conformal factor of
the form

e B =L +ef(x), (A6)
with f a periodic function, then as long as |ef] <
L~! this metric is positive everywhere. The Ricci
tensor and its integral equal

R=(2d-2)e 83?8 —d(d-1)(0eB)?, (A7)

/ dix JGR — / dlx(d = 1)(d - 2)e?® (DeP)?.
(A8)

We see that, for € < L~!, Lz? is proportional to €?
and therefore L} /L% ~ €’L* < 1. Clearly, we can
satisfy ¢ << L~! while keeping ¢ fixed and making L
small. This means that we can shrink the volume at

Z2As an example, take N =1, Ly =1, and L, =L; = L.
Then L3, ~ L? ~ L*. So, as Ly shrinks, so do L;, L,, and Ls.
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fixed curvature scale. However, while this manifold
might have positive integrated Ricci scalar, it is not
positive everywhere. To see this, it is enough to
realize that e~ will have local maxima, and one can
see from Eq. (A7) that the Ricci scalar is negative
around those points.

APPENDIX B: EQUATIONS OF MOTION AND
BIANCHI IDENTITIES OF ITA SUPERGRAVITY

We follow the conventions of [21]. The RR and NSNS
field equations in string frame are

0 =d(*oF>) + H3 A xoFy, (B1)
0 =d(*10Fy) + H3 A *10F%, (B2)
0 = d(*0F%), (B3)
0=d(T?x0H3) + *10F2 A Fo + %10F4 A F,

+ *10F¢ N Fly, (B4)

where 7 = e? and the Hodge star is defined with respect
to the full 10D metric, including the warp factor. The
Bianchi identities are

dFy =0, (B5)
dF2:H3 /\FO_ZZCSL% <B6)
dF4:H3/\F2, (B7)
dF6 — 0, (BS)
dH; = 0. (B9)
The Einstein and dilaton equations are
7 5 7 5 T
0=12—5(1+(0w)*) +4—V°w+ 12— (dw)(97T)
w w w
1
+TV?T +(07)* - 572|H3\2
6
g—1 , 1
—ZT|Fq| +5725(n (B10)

q=0

T2 T
0=-7?R,,, + 4—V Ow+— gmn(aw)(ﬁT)

+ %gmn:rv%r 0 OT +279,0,T

1 1
~20,T)0T) + 57 (1Hifon = 3 9mF)

1< 1
EZ |F |mn__gmn‘F‘
q=0

+Z imn T g gmn>T5(ﬂi)’ (Bll)

T 32

T
0= —8V2T — — 24 (9w)?
w
- 16ZV2W + 2T R, g™ — T|H5|*> +2 E 8(r;)
W mn 3 - L)
(B12)

where w = Lye” and the stress energy of the ith O-plane is
proportional to the projector

2 0\/Gx, 8 oyP
Hi.mn = - . ( ﬂ,) ya > gmlgnp (B13)
/I, 09 & ogl

We denote by 6(z;) the delta distribution with support on
the (torsional) 3-cycle z; wrapped by the ith O6 plane and
by ;3 the corresponding 3-form that integrates to one over

the dual chain 7z;. We define §(x;) = ‘/\/gzé (v) and

fﬁ[ S = fﬂ d*y8®)(y) = 1 in local coordinates such that

/dvol,,l_ = /dvol A b = /d6y\/g_65(7r,-).

det(gmn) and gn :det((gﬂ;)aﬂ) with
_ " oy
= 9mn Hgz g),fa 5/;

(B14)

We also set gg =

world-volume metric  (g,) 5 and world-

volume coordinates &%, a =1, 2, 3.
The smeared approximation amounts to replacing the
source terms by

5(x,) . vol,. 5 . dvoly, (B15)
T ]lri V016 ’ i3 Ji3 VOl;[i ’
where
vl = [ @ ol = [ @
voly, = [ 'y, (B16)

such that [ ;3

= f;r,.jz? =1
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APPENDIX C: KALUZA-KLEIN SPECTRUM ON
A 6D/7D TWISTED TORUS

In this appendix we would like to investigate the effects
of twisting on the Kaluza-Klein spectrum. We will see that
it is reasonable to assume that twisting does not lower the
KK scale with respect to the flat-torus case.

We would like to generalize the formulas of [43] valid for
a 3D nilmanifold to our case of a 6D twisted torus with four
different geometric fluxes.” To be general, let us consider
the metric

ds2 =) rlete”

(C1)

a

with radii r,. The vielbeins satisfy de! = —fe?? — ge®,
de® = —he* — je’* with f,g,h,j € Z and de® =0 for
a =2, 3,4, 5. This reduces to our ansatz in Sec. III A for
ro=re=Lp,rn=ry=Ly,r3=rs=L3, f=g=h=
= 1.

We choose the parametrization

el =dy' — fy*dy? — gy*dy”,

eb = dy® + hy3dy? — jy3dy*. (C2)
The Laplacian in the coordinate basis is thus
A= Atorus +Af+Ag+Ah +AJ (C3)
with A = Z m r;lzafn and
Ap =12 fP(?)0F +2rfy%0105. (C4)
A, = 1527 (y*)?07 + 2r52gy* 0,05, (C5)
Ay = ry?h(y°)20% — 2r5%hy® 0,06, (C6)
A; =2 (v?)20F + 213 jy* 0405 (C7)

Assuming for the moment that g=h = j=0, our
manifold simplifies to a product of a 3D torus and a 3D
nilmanifold, with Laplacian A, + Ay. The eigenfunctions
are now simply given by the eigenfunctions found in [43]
(times the usual exponential factors accounting for the extra
3D torus). Here, we focus on those modes whose flat-torus
analogs would be excitations along the y! circle, as the
masses of these modes receive corrections due to the twisting
[43]. The modes excited along the remaining circles are
given by the usual exponentials, and their masses do not
receive any corrections compared to the flat-torus case [43].
More generally, one could also consider modes which are
excited along several circles at once. However, we will not

“Note that the formulas of [43] do not immediately apply to
our case, as we do not have a product of two 3D nilmanifolds.

do so, as we expect that such mixed modes are heavier than
those we consider.

We denote the eigenfunctions of Ay, + Af by
ek y ,(y2, y?), with eigenvalues —m7. To avoid clutter-
ing, we suppressed indicesn € Nand £ = 0, 1, ..., |k;| — 1
labeling a degeneracy in the eigenfunctions u, and a
corresponding dependence of m?- on n [43].

We now want to generalize the above to the 6D case with
all four geometric fluxes turned on. We denote by

2zikiy' (VA v e2mikeyS . (vS 32 27ikey® , (v3 vA
ey (y*, 37), ey (37, y?), and e o u;(y7, y*)
the corresponding eigenfunctions of A + A, ; With
—mé nj- A natural ansatz is then to take the

eigenvalues

eigenfunctions for the full Laplacian to be products of the
individual eigenfunctions on the nilmanifolds without

27ikyy!

“double-counting” the exponential factors e and

e27ikey®  Concretely, we consider the following ansatz for
two independent sets of eigenfunctions,

U, = ez”"klyluf(yz,y3)ug(y4,y5),

Us = e 1, (y°, y?)u; (33, y*). (C8)

Acting on U/, Ug with the Laplacian (C3) and using the

properties of the 3D eigenfunctions of [43], we find that
U,, Ug are indeed eigenfunctions,

2rky)?
AU] :—<m%+m2—( il 1) )Ul

g 2
r

:_<(27ﬂ§l) +27T|k1||:(2n1 +1)|f|

rr;

1

2 1
Fyls
2 2 (2ﬂk6)2
AU6:— mh—l-mj— B U6
Ts
2rkg)? 2 1)|h
(g [
I's ryrs
2 D)|j
r3ry

where k, € Z and the integers n,,m, € N label the
degeneracy mentioned above.

In the notation of Sec. III A, we thus find the following
KK masses,

(27ky)? Arlk, |
MZKK,kl,n].ml = 74— (ny +my+1) Il (C11)
2
2 _ (27k) Ar|kg|
MKK.k(,,n(),mﬁ = L% + (n6 + mg + 1) m . (C12)
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We thus see that the second terms in the above formulae,
which come from twisting, increase the KK masses
with respect to the flat-torus case. As stated before, there

are also modes on the torus base spanned by €2, 3, ¢*, and
PR | a2k
> with squared masses Mz k= 3 + =

Furthermore, modes for which several k, are nonzero on
the fibers and the base are expected to be heavier than those
we computed.

Let us finally also consider the twisting of the circle fiber
in the 7D case,

ds? = ngﬁ r2eted 4+ g/ (e?)2,  (C13)

with de? = F, =52 my2el6 3§L%ez4 + 3?L%e35 +.-
and de’ =0 otherw1se i.e., we set all 6D metric fluxes
to zero, f = g = h = j = 0. Applying the above logic to
the present case then yields

sy
KK.k7,n7,m7,p7 — 4/3
Js

+[52n;+ 1) +32m; + 1)

2r|ks|m
+3(2p7+1)] |1/73‘ ’
s

(C14)

where k; € Z and n;,my, p; €N denote a degeneracy
as before. The correction to the “naive” result that
neglects the nontrivial fibration thus scales like g’]'—'};~

n~'/3 in the strongly coupled example. On the other hand,
93_4/ 3 on /12 p=1/3, The leading contribution to the

squared masses of the lowest KK modes on the M-theory

circle is therefore gs_4/ 3 as in the flat case, whereas the
corrections due to F, are parametrically suppressed.

APPENDIX D: FIELD PROFILES ON THE
TWISTED TORUS AT LARGE n

In this appendix we argue that only derivatives with
respect to the coordinates of the largest 2-tori (i.e., y2, y* for
c¢>b and y?, y3, y*, ¥ for ¢ = b) are relevant in the
equations of motion at the order of the localization procedure
we are interested in. We motivate this assumption using two
toy examples of backreaction. In particular, we consider
point sources on a thin 2D cylinder and on an anisotropic
3-torus. The latter example also motivates our ansatz with
n~ as the expansion parameter.

The first example we consider is a 2D cylinder with
metric ds?> = L3(dy")? + L3(dy?)?, where y! is the circle
coordinate and we are interested in the limit L;/L, — 0.
The Poisson equation

1
Ly\L,

AG =

s(y"s(y?), (D1)

is solved by (see, e.g., [52])

I 2
sin 2n'<y1 + i—2y2> ‘
L,

1 L
- Eln (sm (2zy')cosh? (271' Lz y2>

1

L
+ cos?(2zy!)sinh? <27T L—2y2> ) )
I

At distances from the source larger than the circle length,
ie, for y>> L,/L,, we have that cosh2(2zr Lay2)~

s1nh2(2er2 y?) ~fexp (47zL2 y?), and thus the Green’s

function approximates to

1
G 1’2:_1
(') 70

(D2)

— 2 1
G(yl s yZ) = L—y -+ const + Me—4ﬂLzy2/Ll

L] 2w

+ O(e 8Ly /L), (D3)
The dependence on y' is thus exponentially suppressed,
and the Green’s function is effectively the Green’s function
of the 1D Laplacian. In the limit L; /L, — 0, this approxi-
mation is valid for all y> > 0.

Analogously, taking the large-n limit in our twisted-torus
setup implies L;/L, - 0 and, for the case c¢ > b,
L;/L, - 0. We therefore expect that the O-plane back-
reaction does not generate any field profiles along the
smaller 2-tori at the linear order in the large-n expansion we
consider.

As a second example, we consider a source on an
anisotropic 3-torus. We parametrize the torus by y* y°,
and y° and denote the circle lengths by L, L3, and L, which
we assume to scale with 7 as in (3.26). The scalings are thus
analogous to those of the transverse space seen by the O6
plane with volume form ~e'? in our twisted-torus setup.

We want to study the Poisson equation on the 3-torus. This
equation indeed describes the backreaction of an O6 plane in
simple setups such as the Minkowski solutions of [29].
The Green’s function of the Laplacian on a flat isotropic
d-dimensional torus was derived in [53,54] (see also [55] for
the case d = 3). We now briefly sketch the derivation,
adapting it to the case of a nonisotropic 3-torus [21].

A naive guess for the Green’s function G(¥) is

1 eZﬂiﬁi

6 = " LyLyLy 4x*y 7 (ny/L;)* (D4)

iez*\{0}

where ¥ = (y*,y°,y%) and L; = {L,,L;, L;}. However,
this sum is not absolutely convergent. To amend this
problem, one uses

1 _ /°° dre=t7 S, m /L)t

43 (ni/Ly)? 0 (D3)

126014-20



SCALE-SEPARATED AdS, VACUA OF A ORIENTIFOLDS ...

PHYS. REV. D 104, 126014 (2021)

and then defines the regularized Green’s function as the one
in which the sum and the integral are interchanged [53].
In our case, this gives

4rit

L3

1 +o0
L uias
LyLyLs Jo
Arit Arit
0 ) [iaday 4 ol =11,
- 3<y L§>3<y L%ﬂ

where  05(y|7) =" ,cz e +5) s Jacobi theta
function.

We can now determine the leading-order scaling behav-
ior of the Green’s function at large n. Since we consider L,
our fastest growing length scale, we perform a change of
integration variables by u = r/L3. The Green’s function
then becomes

G()

(D6)

L +oo
= 2 / du [1 — 0;(y*|4zxiu)
LrLs Jo
Ariu Ariu

<o (o i) (O gop) | @

A numerical analysis shows that, for a fixed point y away
from the source, the integral approaches a constant in the
large-n limit. The nontrivial n scaling of G is thus
exclusively in the prefactor L,/LyL;. The backreaction
of an O-plane in this setting is given by ¢g,G [29] and thus
scales like g;L,/(LyL3) ~n~". Hence, n~" is the natural
expansion parameter for our ansatz in Sec. IV A, which will
indeed turn out to be self-consistent.

One furthermore verifies that the derivative of the
integral along the large circle(s) (i.e., y* or, in the case
c=b, y*, ¥7) also approaches a constant at large n,
whereas derivatives along the small circle(s) (i.e., ¥, 0
or, in the case ¢ = b, y°) vanish exponentially in the large-
n limit. We thus again see that derivatives with respect
to the smaller circles become negligible in the large-n
expansion.

Let us finally show that the backreaction of an O6 plane
in our setup only generates field profiles along the trans-
verse (rather than the parallel) directions, as assumed in
Sec. I'V. This assumption would of course be correct on an
ordinary flat torus. However, the torus we are considering is
twisted and thus our assumption requires justification. For
concreteness, consider the backreaction generated by the
06 planes along e'?*. The orientifold involution acts as
o(y'. vy yhy %) = 0Lyt =yt =y %), so
that an O6 plane sits at y* = y° = y® = 0. The metric in
the coordinate basis is given in (Cl), (C2), where
ry =r6=LT, r2:r4:L2, r3=r5:L3, andf:gz
h=j=1 in our setup. In the following, it will be
convenient to redefine y° — y® — y?y3 such that

G(y)

el — dyl _ y2dy3 _ y4dy5,
eb = dy® — y2dy’ — y3dy*. (D8)

In these coordinates, the metric is consistent with the
identifications

vyt 2, (D9)
30 ~ (P + 2,0 +2y7,)0 +2y°),  (D10)
(7, %) ~ (07 +2,5° +2y%), (D11)
) ~ 0F + 2,01 +2y%), (D12)
Y~y 42, (D13)
¥~y 42, (D14)

Using this, we can infer that there are O-planes at
y*, 33,y €{0,1} (plus an infinite number of images
due to the above identifications). Note that we chose the
identifications such that the H;-flux number on the T-dual
side is an even integer.24 Ultimately, we are interested in an
orientifold of the orbifold 7%/Z, x Z,. In this case, we
have further images under the Z, x Z, orbifold, as
explained in Sec. III A. However, let us ignore these
intersecting image O-planes for the moment.

According to the above discussion, the presence of the
06 planes and their parallel images yields delta-function
sources of the form ~8(y* + Z)5(y° + Z)6(y® + Z) and
thus only breaks translation invariance along y*, y°, and y°,
as it would be the case without the twisting. Neglecting the
dependence on the smaller circles as explained above, we
conclude that the O-plane backreaction at linear order
generates a field profile along y* for the case ¢ > b and
along y*, y> for the case ¢ = b.

In Sec. IV we consider the equations of motion in a
vielbein basis. The derivative operators V, do therefore not
coincide with those in the coordinate basis in general.
However, using that derivatives with respect to y' and y°
are negligible, one verifies that the differential operators in
the vielbein basis reduce to the corresponding operators
without geometric fluxes. In particular, one can see from

*For odd flux numbers, e.g., replacing every 2 in the above
identifications by a 1, an interesting subtlety arises. Indeed, one
can verify that, in this case, there are no fixed points at
y* =y =1 y*={0.1}. This means that two O6 planes seem
to be “missing” compared to the T-dual flat-torus case.
It therefore seems that some energy density is lost upon
T-dualizing, unless some of the O-planes carry a different energy
density than usual. The T-dual version of this phenomenon was
understood in [56], where it was found that a toroidal orientifold
with odd H;-flux number is only consistent if the O-planes carry
additional localized flux (see also [57] for a discussion of the
twisted-torus case). In order to avoid such subtleties, we consider
even flux numbers here.

126014-21



N. CRIBIORI et al.

PHYS. REV. D 104, 126014 (2021)

(C3) that the Laplacian on the twisted torus then reduces to
the Laplacian on the flat torus. Furthermore, any derivative
in the vielbein basis acting on a scalar reduces to an
ordinary derivative, i.e., V, = e'V,, = & %, One can
verify that the same is true for the operators V,V, that
appear in the Finstein equations. An exception are some
operators V,V,, with one index transverse and one parallel

2
to the O-planes (e.g., one finds that V5;Vew = ;‘—Ig%w at

leading order). However, such operators only appear in the
corresponding off-diagonal Einstein equations, which are
not relevant for our can therefore consistently neglect all
operators V,, in the equations of motion except for V, (and,
for ¢ = b, Vs). Indeed, we show in Sec. IV that the

equations of motion at linear order admit a solution that
is consistent with this assumption.

Analogous conclusions apply for the field profiles
generated by the other O-planes. For example, the
O-planes with current ~e?* will generate a nontrivial
field dependence on y? for ¢ > b and on y?, y* for ¢ = b.
When computing the backreaction corrections generated
by these O-planes and their parallel images, we can
therefore neglect all derivatives in the equations of
motion except for V, and, possibly, V5. At linear order
in the large-n expansion, the total backreaction correction
to a given field is then simply the sum of the corrections
generated by each O-plane.
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