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KKLT compactifications ex nihilo
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Flux compactifications that give three- or four-dimensional anti—de Sitter vacua with a parametrically
small negative cosmological constant are claimed to be ubiquitous in string theory. However, the 1 + 1 and
2 + 1 dimensional conformal-field-theory (CFT) duals to such vacua should have very large central charges
and rather unusual properties. We construct brane configurations that source these would-be anti-de Sitter
(AdS) flux compactifications, and identify certain UV AdS geometries that these branes source. The central
charge of the CFT duals to these UV AdS geometries place lower bounds on the absolute values of the
cosmological constants of the AdS vacua. These bounds are incompatible with the scale separation needed

to construct realistic cosmological models.

DOI: 10.1103/gcyw-pc83

I. INTRODUCTION

The expansion of our Universe is accelerating, and the
best explanation for this acceleration is a small positive
cosmological constant. However, string theory, which is the
leading candidate for a theory that unifies all interactions
and that has no trouble producing all ingredients of the
Standard Model, appears to have a hard time producing
solutions with a small and positive cosmological constant.
There are theorems that de Sitter vacua cannot be obtained
from nonsingular supergravity compactifications without
relying on intrinsically string-theoretical effects [1], and
there are also bottom-up swampland conjectures that such
solutions are not stable [2,3].

The most popular and well-controlled scenario for
constructing de Sitter vacua in string theory [4] consists
of first constructing anti—de Sitter solutions with a cosmo-
logical constant that is exponentially suppressed in the ratio
between the compactification scale and the Planck scale,
and then adding antibranes to uplift this small negative
cosmological constant to a positive one. The anti—de Sitter
solutions are obtained by adding fluxes and branes to give
mass to the fields corresponding to the flat directions
(moduli) of the compactification manifold and, according
to the Kachru-Kallosh-Linde-Trivedi (KKLT) proposal and
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the several hundred other papers that investigated this issue,
they can be scale separated: their cosmological constant can
be parametrically smaller than the size of the compactifi-
cation manifold.

By the anti-de Sitter (AdS)-conformal-field-theory
(CFT) correspondence [5], such AdS vacua are dual to
conformal field theories that have an exponentially large
central charge and an unusual spectrum of operators [6,7].
There are several hints based on CFT bootstrap techniques
[8-11] that such CFTs may be problematic, but no
definitive argument ruling them out. Furthermore, there
are also swampland-type conjectures that scale-separated
AdS compactifications cannot be constructed [12], or at
least must be very constrained [13,14].

An interesting new approach to settle the question of
how much scale separation can exist in flux compactifica-
tions has been pioneered by Vafa, Wiesner, Xu, and one
of the authors [15]. They argued that one can construct a
2 + 1-dimensional KKLT domain wall, which contains
D5- and NSS5-branes that have 2 4 1 common directions
and wrap the three-cycles dual to the fluxes of the KKLT
solution. They also argued that the number of degrees of
freedom on the domain wall, cyy, of order the product of
the number of D5- and NS5-branes, is larger than the
central charge of the scale-separated AdS solution, cg,

cr < cyy ~ (Ns)?, (1)

with N5 the number of five-branes. This is supposed to put
an upper bound on the amount of possible scale separation,
as cjg measures the AdS radius in the lower-dimensional
Planck units.
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However, there are several objections that one can bring
to the arguments in [15]. The first is that the central charge
of a domain wall does not constrain the central charges on
the theories on its two sides. The second is that the relation
between the number of degrees of freedom of a system of
branes and the central charge of a given AdS space can only
be established when the AdS solution is sourced by this
system of branes. The third is that the degrees of freedom of
the branes of the domain wall are counted in [15] at weak
coupling, but as one increases the coupling, new non-
perturbative degrees of freedom might appear, which may
drastically increase the central charge.

In this letter we solve these three problems by construct-
ing a brane system that can create the KKLT solution out of
nothing (ex nihilo), and that can source an “UV” AdS
solution that flows in the infrared to the KKLT AdS
solution. Such a brane system can either be constructed
for KKLT AdS, vacua, obtained by compactifying Type
IIB String Theory on six-dimensional Calabi-Yau (CY)
manifolds with fluxes, or for putative scale-separated AdS,
vacua obtained by compactifying M theory on eight-
dimensional CY manifolds with fluxes. The central charge
of the UV near-brane AdS solution is guaranteed to capture
all the degrees of freedom of the branes and, as we will see,
is parametrically larger than the central charge calculated at
weak coupling in [15].

We begin with the construction of the M-theory-branes
sourcing a putative scale-separated KKLT-like AdS; sol-
ution, for which the UV AdS; solution is easy to construct.
We then construct the UV AdS, solution near the D3-, D5-,
and NS5-branes that source putative scale-separated AdS,
compactifications, and calculate the maximal scale sepa-
ration they allow.

II. M-THEORY COMPACTIFICATIONS TO AdS;

M theory compactified on an eight-dimensional Calabi-
Yau manifold with self-dual four-form fluxes, Gy, is
expected to yield an AdS; vacuum once nonperturbative
effects are taken into account. As explained in [15-18], the
AdS; vacuum is sourced by a 1 4+ 1 dimensional domain
wall that consists of MS5-branes wrapping a special
Lagrangian submanifold (SLag), L,, Poincaré dual to G,
in the CY. These M5-branes create jumps in the values of the
G, fluxes. However, the fluxes on both sides of the domain
wall have to satisfy the tadpole cancellation condition,

xcy,
24

1
:NM2+—/ Gy A Gy. (2)
2 Jey,

As shown in Fig. 1, we consider a domain wall where the
number of branes is such that all the fluxes of the AdS
compactification on the right (z > 0) jump to zero on the
left (z < 0). The fluxless CY, has a nontrivial Euler
characteristic, ycy,, and to satisfy (2), there must be
xcy,/24 M2-branes on the left of the domain wall.

5= 1[GiAG

CIR ~ lads

z=0 ¥

FIG. 1. Domain wall with a contracting Calabi-Yau.

These M2-branes are points in the CY, and fill up the
transverse (2 + 1)-dimensional space. They end on the
M5-branes of the domain wall and pull them into spikes
[19,20], similar to the Callan-Maldacena spike [21].

This construction has two new characteristics. First, in
the absence of fluxes, the Kidhler moduli of the Calabi-Yau
(among them, the volume modulus) receive a potential that
is generated purely from quantum effects. Following an
argument of Dine and Seiberg [22], the critical points or
minima of this potential will be deep in the interior of the
moduli space, corresponding to a string-size Calabi Yau.
Therefore, we can think of our brane configuration as a
“domain wall,” interpolating between two different minima
of this potential. On one side, we have the putative KKLT
minimum with a large CY. On the other side, we have two
possibilities, depending on the sign of the leading-order
term of the potential: either the potential will force the CY
to decompactify, or it will cause it to go to the minimum
above. Since this leading term depends on the positions of
the M2-branes (that are needed to cancel the tadpole in the
absence of fluxes), one generically expects that there will
exist M2 positions where this sign is positive and positions
where this sign is negative. We then just need to choose our
M2-brane positions such that the CY does not decom-
pactify. Hence, the spacetime will end on the left of our
branes, and our domain wall with M2-brane spikes can be
thought of as sourcing the AdS; solution.

Second, the M2-branes that form the spikes and the
M5-branes in the domain wall give rise to a new AdS; geo-
metry, which can be thought of as the UV AdS that flows to
the KKLT-like scale-separated AdS. There are many ways
to arrange the MS5-branes wrapping the SLag and the
M2-branes ending on them. Since our goal is to place an
upper bound on the central charge of the IR CFT, we will
consider the arrangement that has the largest possible central
charge: all the (Ns)? self-intersections of the M5-branes
coincide and all the M2-branes end on this intersection.

We can now enlarge the self-intersection point (see
Table I): The N5 self-intersecting M5-branes appear locally
like N5 M5-branes wrapping the 1234 directions and N
MS5-branes wrapping the 5678 directions as well as the
direction of the domain wall, y. The M2-branes also wrap
this direction, as well as the direction orthogonal to the
domain wall, z.
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TABLE 1. Enlargement of the branes of the brane system
sourcing the putative scale-separated AdS; vaccuum.

t y z 1 2 3 4 5 6 7 8
M5 @ ® 20 @ ® ® ®
MY ® ® 0 ® ® ® ®
M2 <0

® ®

The brane system of Table I generates two AdS regions.
The first region is an AdS; x CY, and is sourced by the
M5-M5 domain wall far away from the branes. This
KKLT-like AdS; is spanned by the coordinates (7,y,z).
The second AdS; region can be found in the near-brane
limit of the M5-M5-M2 UV domain wall, and is spanned
by ¢, y and another coordinate that is a complicated function
of z and the radial directions inside the 1234 and 5678
planes, defined in Eq. (3).

It is important to understand which of these AdS; spaces
is the UV AdS; and which is the IR AdS;. Because the
branes sourcing the KKLT AdS; live at the end of this
space, one may naively think of them as end-of-the-world-
branes, like D3-branes on a Coulomb branch sourcing
AdSs x S°. However, this is not correct. There is a key
difference between our branes and end-of-the-world-
branes: when one increases the charge of the end-of-the-
world-branes, the radius of the AdS space sourced by them
increases. On the other hand, when one increases the charge
of our branes, the radius of the KKLT-like AdS space
decreases.

One could also argue that if our branes were in the
infrared of the KKLT-like AdS space this would violate the
holographic principle. One can consider a solution with a
domain wall of half the charges of our wall at z = z; > 0 in
Fig. 1, an intermediate AdS region between z = 0 and
7 = zg, and another end-of-spacetime wall at z = 0 with the
other half of the charges. The intermediate AdS, between
0 < z < zp would have a larger radius than the KKLT AdS,
and hence must necessarily be in its UV. This demonstrates
that the branes sourcing the KKLT AdS spacetime are in
the UV. Hence, the near-brane AdS; they source is in the
UV of the KKLT AdS;, and its central charge places an
upper bound on the central charge of the CFT dual to the
KKLT AdS.

The supergravity solution sourced by the M2- and
M5-branes in Table I is governed in general by a compli-
cated Monge-Ampere equation [23,24]. However, in the
infrared of this system one can find a warped solution
of the form AdS; x S* x S x %,, where ¥, is a Riemann
surface. These solutions have been constructed in [25] and
the relation between the Riemann-surface coordinates
and the coordinates in Table I has been worked out
in [24,26]. To evaluate the central charge of the CFT dual
to this warped AdS; one needs to specify the precise

Riemann-surface singularities corresponding to M2- and
MS5-branes, and to compute the AdS radius in terms of the
three-dimensional Planck length, which depends on the
volume of S3 x §3 x %,.

However, there is a simpler and more intuitive way to
compute this central charge, by assuming the z direction to
be compact, and smearing the solution along z. As we will
see, the central charge does not depend on the periodicity of
z, which confirms the validity of this procedure.

A. A smeared M2-M5-M5’ intersection

We will smear the M2-M5-M5’ spikes in Table 1 along
the M2 direction, z. The MS5-branes are localized at the
origin of the 3456 space (' = 0) and the M5’-branes are
localized at the origin of the 1234 space (r = 0). Smearing
these spikes along z produces a z independent solution,
which can be shown [24,26] to be the one constructed
in [27,28],

ds® = (H7'ZsZ5)* [(ZsZ5)™! (=dr* + dy?) + d2’]
+ Hy*(Z5) 713 (23 (ar? + r2d Q3

+ H (25 P(2) P (a2 4 r7d0d). ()

In this solution Zs and Z can be thought of as the
harmonic functions associated to the two species of
M5-branes,

llz,n}z)

l2n(1)
P"F r2 , (4)

2

Zs =1+ Zi=1+

and the function H is associated to the M2-branes, but is
not harmonic anymore

2 (1) 2,.(2)
Hy = (1 + ZPZZT )(1 + ZPZZT ) (5)

As explained in [28], one can take a near-brane decou-
pling limit of this solution." The metric becomes

ds? 2 1 2
= = ( - ) (—dr? + dy?) + (A—‘f> i
u

B \lass

+ (ngnp)i(dQ? + dQ?) + di® + (ﬁ>§dz2, (6)

where

=

1
Iags = NG (nrnp) (7)

"This limit is [, — 0 with U =% and U’ = held fixed. It is
P P
equivalent to dropping the 1’s in the harmonic functions.
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is the dimensionless AdS; radius. The coordinates u and A
are hyperbolic coordinates in the plane spanned by the two
radial directions inside the M5-and M5’-branes,

2/UU Ias. U
= . ﬂ == —1 . 8
u lAdS 2 Og U/ ( )

Even if 4 is a noncompact coordinate, we will formally
compactify it on an interval of length L; in order to
compute the quantized charges and the central charge of
the dual CFT. As we will see, the final result does not
depend on L,, so we can safely send it to infinity and
decompactify the A direction again.

The dimensionless quantities nﬁi) and ny = n(Tl)n(T2 :

measure the M5 and M2 densities in 11d Planck units”
and can be expressed in terms of the number of MS5- and
M2-branes,

1 L
Ns=— Gy =ny,
’ (27[1P)3A,><S3 T

)

sz#/ G7:£L/1(nTnF)5/6’ )
(2”1P)6 SAXS?I)XS‘(%Z) 8x?

where G; = %Gy —%C3 A Gy. L, and L, are the dimen-
sionless periodicities of the coordinates z and A.

The central charge of the near-brane UV CFT can be
calculated from the dimensionless AdS radius and the 3D
Planck length and expressed in terms of the number of
M2- and M5-branes

o 3 lplags,
) 3
2 GI(\I>

Using the M2 tadpole condition (2), we can see that this
central charge scales like (Ns)3. This is a larger central
charge than the one derived at weak coupling in [15], by
considering brane deformations. This is not surprising: the
brane system is more complicated, and the AdS geometry
takes into account both the perturbative degrees of freedom
counted in [15] and also the nonperturbative degrees of
freedom.

III. IIB COMPACTIFICATIONS TO AdS,

As shown in Table II, the branes sourcing the analogous
type IIB AdS, vacuum are D5- and NS5-branes wrapping
three cycles on a CY threefold, on which a number of
spacetime-filling D3-branes end. The D5- and NS5-branes
intersect at points in the CY manifold, and the way to
obtain the largest number of degrees of freedom is to
assume that they are all coincident and intersect at a single

2Since our domain wall sources a KKLT-like solution that has
self-dual fluxes (G, = xG,), the number of M5- and M5’-branes

(and their densities) are equal: n<Fl) = ngf) =ngp.

TABLE II. Enlargement of the branes sourcing the putative
KKLT scale-separated AdS, vacuum.

tyT Y z 4 7 8 9

5 6
D5 ® ® ® 0 ® ® ®
NS5 @ ® ® =5 ® ® ®
D3I ® ® ® @<

point, on which the N; D3-branes terminate as well. In the
neighborhood of such an intersection, we can choose
coordinates such that the two brane stacks are spanned
by the coordinates 456 and 789, respectively.

The backreaction of the D3-D5-NS5-branes above gives
rise to a near-brane geometry with an AdS, factor,

d5* = 1S, + 152 + f3ds%s + 47 lawP, (1)

where w parametrizes a Riemann surface, X,, with the
topology of a disc [29-32]. The warp factors f1, f», f4 are
controlled by two harmonic functions on %,, A, and h,,
whose poles determine the location of the D5- and
NS5-branes and the number of D3-branes ending on them
[29-32]. Note that these solutions describe a near-brane
limit of semi-infinite D3-branes that end on and pull the
D5- and NS5-branes into a mohawklike structure [26].
As before we can determine the number of degrees of
freedom of the UV theory near these branes by computing
the radius of the UV AdS, in four-dimensional Planck units

Iads, Vs

¥ GV

(12)

where Vj is volume of the compact space 7 x 3 x,, 2,
given by [33,34]

Ve = 2971'2/ dth1h2|05(h1h2)|. (13)
)

To make the argument simpler and to relate to the
analysis in [33] we assume the numbers of D5- and
NS5-branes to be the same, Nps = Nngs = N. Tadpole
cancelation in the compact CY manifold requires that the
number of D3-branes be of order the product of these
numbers Np; = aN?, with @ a number of order one that
depends on the intricate details of the compactification.

If the distance in the Riemann surface between the poles
corresponding to the D5- and NS5-branes is 29, the D3
charge and the five-brane charges are related by [33]

2
Np3 = —arctan €%, (14)
/3

and the volume of the internal space is

4N45 —465
Ve = G(N‘O)”—f. (15)
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This expression goes to zero for 6 = 0 or § — oo, corre-
sponding to Np; = N?/2 and Np; = N?. Hence, it has a
maximum somewhere in between (at 6 = 1/4) where it

Gl
takes the value Vo = X~ N*.

This establishes that UV AdS, radius expressed in
Planck units scales at most like

lUV
AdS,

Gy

< N* (16)
This places an upper bound on the radius of the putative
KKLT scale-separated AdS, in the IR.

It is important to clarify whether the domain walls we
construct can give rise to a static solution. Even if the fluxes
that give rise to the KKLT solution are supersymmetric, the
branes that source them may not be wrapping a special
Lagrangian submanifold, and may break supersymmetry.
This happens for example with the choice of fluxes in
[35,36]. Naively, this could result in the destabilization of
the domain wall and the invalidation of our arguments. To
see that this does not happen it is easiest to consider an
example where the CY threefold is replaced by a six torus.
The D5-branes of this domain wall would be wrapped on
the 123, 145, 246, and 356 cycles, and the corresponding
NS5-branes would be wrapped on the dual cycles. If the
D5 charges Q1s3, Q1a5, Oa46, Q356 have the same sign, the
domain wall is supersymmetric. However, if one of these
charges are flipped, the supersymmetry is broken. The
D5-branes alone are T dual to a D4-D4-D4-D0 system,
where exactly the same phenomenon happens: if one flips
the charge of the DO-branes or of one of the D-branes,
supersymmetry is broken. Such brane systems are known as
almost-BPS (Bogomol'nyi—Prasad—Sommerfield) [37,38].

One could be worried that such a domain wall would be
unstable to ejecting some of the branes that comprise it, as it
happens in other domain walls [39], but this does not
happen. In almost-BPS systems supersymmetry is only
broken because all four types of branes are present, and is
restored if one flips the sign of any one of the branes. One
type of brane that comprises an almost-BPS domain wall is
mutually supersymmetric with respect to each of the other
branes inside the domain wall, so, at tree level, there is no
potential for ejecting it. Hence, the force between two
domain walls is zero. One can also see that this property
persists beyond tree level, all the way to strong coupling,
where one can construct fully backreacted multicenter
almost-BPS supergravity solutions [40]. A probe-brane
in these solutions still feels no force.

IV. CONCLUSION

In this Letter we have computed the upper bound on
the number of degrees of freedom of the brane systems
that source putative AdS vacua with scale separation in
M theory and Type IIB string theory.

The highest number of degrees of freedom these branes
can carry, and hence the weakest bound on the AdS scale
separation is achieved if all these branes intersect at only
one point within the Calabi-Yau manifold. More generic
intersections, in which the branes wrapping the Calabi-Yau
manifolds intersect at sparsely distributed points will have
fewer degrees of freedom. In the extreme limit, where the
number of intersection points is maximized and only one
pair of branes is intersecting at each point, our arguments
imply that number of degrees of freedom sitting at each
intersection is of order one, and hence the total number of
degrees of freedom scales like the intersection number of
the brane cycles, N2, reproducing the result of [15].

On the other hand, if all intersection points are brought
together to the same point, we expect additional degrees
of freedom. The near-brane AdS solutions we find capture
all these degrees of freedom, and indicate that the total
numbers of degrees of freedom can scale like N* for AdS;
(10) and like N* for AdS, (16). Restricting to the local
geometry near the point where the branes intersect has
allowed us to ignore the complicated embedding of the
branes into the compact Calabi-Yau manifold and obtain
general bounds that are independent of these details.

Even if these bounds are parametrically weaker than those
of [15], they are still strong enough to rule out KKLT-like
AdS vacua with exponential scale separation. Hence, our
results indicate that the embedding of our Universe in string
theory cannot take the “traditional” form, with an exponen-
tial hierarchy between the size of the compactification mani-
fold and the size of the curvature radius of the Universe. Our
work highlights the need to start constructing compactifi-
cations with weaker scale separation (such as [41]) that are
still compatible with phenomenological constraints.
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