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ABSTRACT: We introduce an algorithm (dubbed “flux backtracking”) to reverse-engineer
the brane picture from an AdS flux vacuum. Given an AdS flux vacuum as input, the
algorithm outputs a singularity in 10 or 11 dimensions. This singularity has the property that
when probed with the appropriate stack of branes (and after taking the near-horizon limit),
one recovers the initial AdS vacuum. After testing the procedure on a number of known
AdS/CFT pairs, we apply it to AdS flux vacua without known holographic dual, notably the
scale-separated DGKT solution. In this case, flux backtracking produces a certain strongly
coupled singularity in massive ITA; we conjecture that the worldvolume CFT of D4-branes
probing this singularity should be the holographic CFT dual to DGKT (if it exists). Applying
the procedure to the DGKT-related scale-separated AdS,4 solutions without Romans mass,
we find instead a conical and weakly coupled singularity. We also comment on the results
and limitations of applying the procedure to KKLT.
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1 Introduction

The AdS/CFT correspondence [1-3] is an exact match between a conformal field theory
(CFT) and an AdS quantum gravity vacuum. The original statement is supported by a
vast amount of evidence (e.g. [1, 4-8], which are some of the examples that we will discuss
here) in the form of concrete AdS/CFT pairs, where a particular AdS quantum gravity
(in practice, an AdS vacuum of string theory) is matched to a known CFT. There is a
standard way to produce AdS/CFEFT pairs from string theory: first, one identifies a suitable
stack of branes, perhaps probing a singularity in string theory. If the stack has the right
properties, its low-energy worldvolume effective field theory will be a CFT. On the other
hand, when this happens, the near-horizon geometry of the brane system provides the dual
AdS geometry, thus completing the pair.

Given a brane stack, obtaining the near-horizon AdS is a straightforward (if sometimes
cumbersome [9]) procedure. The reverse problem of finding the brane picture given an AdS
solution is much harder, and no systematic technique exists, to our knowledge. It is also a



much more interesting direction, since there are several known AdS geometries (e.g. [10-13])
with no known holographic dual CFT, including the proposed DGKT vacuum [11, 14], which
is of independent interest since it exhibits scale separation between the AdS scale and the
size of the internal extra dimensions. The field theory dual to DGKT would be extremely
interesting, since it must have several exotic properties such as a N 9/2 scaling of the central
charge [15-17], a large gap in the spectrum of single-trace operators [18], almost integer
conformal dimensions [17, 19-24], exotic logarithmic terms in the central charge [25] and
a very large moduli space lifted by quantum effects [15, 26]. There is no known way to
engineer a CF'T with these properties; in particular, the rapid scaling of the central charge
with NV is even larger than N3, which is the largest we know how to engineer from top-down
constructions (via M5-branes [27, 28]). Moreover, from the bulk perspective, there is an
ongoing debate about whether this proposed four-dimensional supergravity vacuum can
be uplifted to a full UV consistent string theory solution (see [29] for a recent review).
More recently, similar scale-separated four-dimensional and three-dimensional AdS solutions
have been proposed in massless Type ITA using metric fluxes [12] or in massive ITA on G2
orientifolds [13], respectively. Finding the brane picture (if one exists) for either DGKT [11]
or any of these other geometries [12, 13] would be a huge leap either towards understanding
the dual CFT’s or towards making manifest potential UV inconsistencies.

In this short note, we outline a simple procedure, well-known in many concrete examples
in holography, to reverse-engineer a brane picture given an AdS flux compactification. The
idea is simple: a typical AdS solution comes out of balancing of curvature and flux terms
in an effective action. Fluxes that can be rescaled arbitrarily are precisely those sourced
by the probe branes in the dual brane picture; if one sets all of these fluxes to zero, which
corresponds to removing all brane charges, the AdS solution disappears; however, one can find
instead a running, horizonless solution. Indeed, this is a dynamical cobordism in the sense
of [30—42], which in examples coincides with the original ten-dimensional geometry probed
by the stack of branes. Therefore, to find the brane picture, all one needs to do is find the
running solution, and probe it with the stack of branes. Therefore, in some sense, in this paper
we are just outlining a systematic procedure to determine particularly interesting examples of
dynamical cobordism in flux compactifications. For ease of reference, we dub this procedure
“flux backtracking”, since it allows one to trace back the steps that led to an AdS flux vacuum.

By following the steps above, we are able to recover many known AdS/CFT pairs. For
instance, we recover a non-compact Calabi-Yau from compactification on a Sasaki-Einstein
manifold, an M-theory orbifold for ABJM or a type I’ background from the theories in [7]. As
we will see below, this procedure cannot be applied straightforwardly to all cases, since one
needs explicit form for the full, off-shell effective action for arbitrary values of the fluxes, which
is not always available. But such an off-shell effective action is available for DGKT [11] (or
the massive ITA vacua of [8]), where the brane picture is not known. Applying the procedure
to this case results in an unfamiliar singularity in massive IIA. We do not know how to
study its low-energy physics, or how to find the worldvolume QFT of D-branes probing it,
but this object is a natural candidate for the exotic object providing the brane picture for
DGKT. Similar results are found for the other scale-separated proposals [12, 13], although
the singularity associated to the vacuum in [12] turns out to be weakly coupled, so it could
in principle be analysed using worldsheet techniques.



This note is structured as follows: in section 2 we explain the details and limitations of
the flux backtracking procedure. In section 3 we test the procedure, successfully recovering
the known brane picture for several AdS/CFT pairs. Section 4 describes the result of flux
backtracking in the DGKT solution and other examples where the holographic dual is not
known. Finally, section 5 contains some concluding remarks.

2 Flux backtracking: general strategy

Our starting point will be a d-dimensional AdS; vacuum obtained from a flux compactification
in string theory. This means that we actually have a higher-dimensional geometry AdSy x X,,,
where X, is an internal compactification manifold, such that d + n = 10 (for perturbative
string theory constructions) or d +n = 11 in the case of M-theory. In many cases of interest,
the AdS; vacuum can be obtained as a solution of a lower d-dimensional effective action

arising from dimensional reduction on X,,

R
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Sq = /ddw\/—ig ( + L4(g, @;, ﬁ)) , (2.1)
where ®; is here a shorthand for the infinite KK tower of fields (of spins 0,1,2) arising from
dimensional reduction of the higher-dimensional theory on X,,, and 7 is a (properly quantized)
vector of integer fluxes threading the compactification manifold X,,, which affect the couplings
of the lower-dimensional action [43, 44]. Each choice of 77 is a different low-energy effective field
theory, and a different compactification. In examples coming from near-horizon geometries of
brane stacks, 77 roughly counts the number of branes (of different kinds) in the stack.

Lq(g, ®;, 1) is then a very general Lagrangian including kinetic and mass terms for the ®;,
couplings to the metric g, and possibly an infinite tower of higher-derivative couplings arising
from dimensional reduction of the higher-dimensional theory. Attempting to find solutions
to the equations of motion arising from L;(g, ®;,7) is in general a hopeless task, since they
involve infinite towers of fields coupled to one another. There are, however, two circumstances
in which the problem simplifies and only a finite number of fields becomes relevant:

e When there is a consistent truncation, it is possible to truncate to zero all but finitely
many of the ®; and still solve the equations of motion. This usually happens due to
supersymmetry of the low-energy effective action [45], and it is the case in e.g. the
AdS; x S° compactification of IIB string theory [1], where only the lowest modes of the
KK tower are switched on, in spite of the fact that they couple strongly to every other
KK mode (since the solution is not scale-separated).

e When the AdS, solution is scale-separated, there is a large gap between the (finitely
many) lightest ®; and the rest (see [29] for a review). In this case, one can integrate out
all heavy fields to obtain the low-energy effective theory including only a finite number
of light fields. However, this is typically impossible or extremely hard in realistic string
theory compactifications. Instead, if the scale separation is parametrically large, the
heavy fields are expected to have a very small effect on the light ones at low energies,
so that one can in principle ignore them and consider the d-dimensional effective field



theory truncated to the light fields.! In particular, the DGKT solution of [11] is famously
scale-separated and the low-energy effective field theory of the light fields is well-known.

In both these cases, one can further truncate to zero all spin-1, and spin-2 fields, and look
for solutions involving the scalars ¢’ only. At the two-derivative level, the action for the
scalars simply looks like

calars 1 7= 7 ] i =
L™ = 5 Giy(@', M) de' N xdd? =V (@', 70), (2:2)
where V(¢') is a scalar potential. If there is a critical point of V(¢! 7) with V(¢%) < 0,

then (2.1) admits an AdS, solution, with cosmological constant given by
A =81 Gy Vinin (7). (2.3)

Since Vinin(77) depends on 71, we get a family of AdS vacua; the usual dependence is such
that A — 0 as the fluxes get very large.

Our goal is to find out what is the precise geometry that has to be probed by branes,
which source the fluxes 7, in order to produce the given AdS; family of flux vacua as their
near-horizon geometry. In other words, to backtrack the flux compactification in this way,
we need to get rid of the flux; so we simply set @ = 0 in the above. In this case, the scalar
potential V (¢?,7) does not have a critical point and hence there is no AdS solution. Instead,
in this case one can obtain a running solution, where the metric takes the form

ds% = dr® + eQA(r)ds?i_Lﬂat (2.4)
where dsq_1 fat is a flat metric, and where the profiles of all scalar fields ®; depend only on
r. When A(r) is a linear function of r, this metric (2.4) describes (the Poincaré patch) of
AdS; [46]. But when no AdS solution exists, one has more general profiles, similar to the
dynamical cobordisms of [30-32]. The resulting running solution with 7 = 0 is the geometry
we are looking for. A general lesson from those works is that one should expect A to become
singular at a particular value of r, where the geometry ends in a singularity. Putting back
the branes that source the fluxes 77 on the geometry on top of this singularity recovers the
original AdS solution we started with, as illustrated in figure 1.

In the next section we will illustrate the flux backtracking procedure in some very well-
known examples of the AdS/CFT correspondence, to check that it produces meaningful
answers. We close this section with some general issues that will appear when applying

the procedure:

e The process of flux backtracking is not unique except in very simple cases. In general,
it can be done in several ways, corresponding to the different ways there may be to

"When we obtain a vacuum from simply truncating the theory to the light fields and ignore the effect of
the heavy fields, we say that the vacuum does not have a full top-down description in string theory, since it
is yet to be proven that such effective theory is indeed the low-energy limit of the full theory after properly
integrating out all the heavy fields (including exotic stuff like degrees of freedom at singularities, higher order
supersymmetry breaking effects, etc). At the moment, all proposed scale-separated AdS vacua in string theory
have been obtained via this truncation, and this is why it is under debate whether they can be lifted to vacua
of the full theory.
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Figure 1. Flux backtracking is the inverse operation of taking a near-horizon limit of a brane stack

probing a singularity (which produces an AdS geometry under favorable circumstances). It may be of
interest in cases where the brane picture and/or the holographic dual are unknown, such as in DGKT
or the vacua in [12].

obtain a brane picture for a given AdS vacuum. For instance, the AdSz x S3 x T*
vacuum dual to the D1-D5 SCFT [47] is supported by two fluxes @ = (n1,n2), sourced
by D1- and D5-branes respectively. One can get the vacuum by probing the singular
geometry sourced by n; D1-branes with D5-branes, or by probing with D1-branes
the different singularity sourced by ne D5-branes. Consequently, there are at least
two different ways to implement the flux backtracking procedure. These routes lead
to different singularities, but once the D5-branes (resp. D1-branes) are placed, the
resulting near-geometry is the same.

The output of flux backtracking is a singular configuration which is, topologically, a
boundary for the starting compactification on X,, — it is an example of the defects
predicted in [31, 32, 48]. In principle, there are infinitely many ways to do this; for
instance, one could consider a cobordism to a different compactification manifold
Y,,, or change the way that tadpoles are satisfied in X,, by adding additional branes
to the compactification, etc. All of these operations change the effective Lagrangian
Leg(g, ®;, 7). In this paper, we restrict to flux backtracking within a given effective
theory, meaning that the fields in ngfalars are all the same for any value of . As a
result, we do not allow for more exotic cobordisms, and the only fluxes in 77 that we
can change freely are those that do not appear in tadpoles of the compactification. It
would be interesting to lift these restrictions in the future.

When the scalar potential V' (¢, 7) is obtained via a consistent truncation, one must
be sure that this truncation remains consistent for all 77, including 7 = 0; otherwise,



the @ = 0 running solution might require one to leave the truncation, and an extended
problem should be considered.

Related to the second point above, when testing the flux backreaction procedure in concrete
examples, we will find several instances where the lower d-dimensional scalar potential is
not known — instead, only the AdS solution is known, and it was obtained directly from
the higher-dimensional supergravity. Absent the scalar potential, we are forced to do some
informed guesswork about which scalars are relevant and run once the fluxes are switched
off. We get the right result because in these examples we know the brane picture anyway;
but for any interesting example where the brane picture is not known, we must be sure to
include all relevant scalars. This will be a potential issue in some of the examples in [9], but
importantly, it is not an issue for the DGKT solution, precisely because it is supposed to be
scale-separated [11]. As described above, in this case there is an honest lower-dimensional
EFT with a finite number of scalar fields, and as long as these are all taken into account,
the description is complete.

3 Vacua with holographic dual

We are now ready to test the flux backtracking procedure against known holographic examples.
We will start with the simplest case where the relevant effective field theory contains a single
scalar. As in section 2, we consider a d-dimensional action with a scalar potential V(¢),
expressed as

S [[atev/=Ga (§Ra— 5Gii(06)06) = V(6) ) (3.1

where G;; is a metric on field space. After removing the flux 7, we will be looking for
solutions of the form

ds?l = dr® + eZA(T)ds?l_l, i = ¢i(r), (3.2)

for the metric and scalar field, where just like in section 2 ds?lf1 is a flat metric. This ansatz
is precisely what is considered in the study of supersymmetric domain wall solutions [49],
and we will benefit from this fact. Substituting this ansatz into the action yields

Si= [l (Jd-1)(d- A% - JGy(@) @) - V(). (63)

From this, we derive the second-order equations of motion:?

() + (d = 1)(¢") A" = 0y V (9), (3.4)
(d—2) 24" + (d = DA?] = =Gi(¢") (&) — 2V (9), (3.5)
(d = 2)(d — 1)A? = Gyy(¢') (') = 2V (9). (3.6)

2 Assuming the field space metric has vanishing Christoffel symbols, which is always true in the one-
dimensional case under consideration here.



To simplify the analysis, following the techniques from supersymmetric domain walls [49]
we aim to recast these into first-order flow equations. A good choice is

dg' _ P dA

- = =3P 3.7
dr dei’ dr bP (3.7)

where a and S are constants given by
a==+2(d—2), [=7F2 (3.8)

and P is a potential function. The change of coordinates r — —r flips the sign choice
in (3.8), so without loss of generality we can take the positive sign for «. For these first-order
equations to be consistent with the second-order equations of motion (3.4), we specify that
P relates to the scalar potential V' (¢) by

1 dP\? (d—1)
V=g [Z(d¢) _(d—2)P2]' (39

Under these conditions, solutions to the first-order flow equations automatically satisfy the
second-order equations of motion in (3.4) [49]. Such a potential function P is generally
present in supersymmetric frameworks, but it can also arise in contexts involving fake
supersymmetry [50, 51]. We are now ready to implement flux backtracking. We will be
assuming that the d-dimensional effective field theory arises from a higher d + n dimensional
theory, such that the metric can be uplifted to something of the form

dsiin = F(60) (dr? + ATV dsT_ ) + g(n)ds?, (3.10)

for some moduli-dependent functions f and g. Here, ds? is the metric of the internal
compactification X,,, which remains the same whether we turn fluxes on or off in all examples
considered in this paper (but this will not be the case in more general examples).

In general, it will not be easy to determine the number of supercharges preserved by the
running solution obtained from flux backtracking a given vacuum. In this paper we have
focused on running solutions to the BPS flow equations (3.7), so they will preserve at least
half of the supercharges of the original vacuum. However, they may preserve more® (as e.g.
in the flux backtracking of the AdSs x S° IIB vacuum discussed in section 3.1).

Finally, we wish to provide a word of caution about low codimension cases. For the picture
of a stack of branes probing a singularity to give a field theory description of the system, it is
important that bulk low-energy modes decouple from the degrees of freedom described by the
brane stack-+singularity system. This happens automatically when the codimension of the
singularity and/or brane probes is higher than two. Otherwise, the question of bulk mode
decoupling is subtler and needs to be analysed on a case by case basis. If bulk modes do not
decouple, spin two or higher states may remain in the low-energy theory, thereby spoiling
a pure field theoretical description (which can only involve fundamental fields of spin < 1).
Hence, even if the singularity+branes do describe the system in some sense, we will not be
able to use them to learn anything about the system that we did not understand from the
original gravity solution. Fortunately, all examples considered in this paper will be of higher
codimension when viewed from the 10 or 11 dimensional perspective.

3For 4d N = 1 vacua, the solution preserves so little supersymmetry that quantum corrections may even
break it completely (see e.g. [26]).



3.1 Freund-Rubin vacua

We will first consider Freund-Rubin vacua, which are arguably the simplest class of holographic
AdS vacua in string theory [1, 52, 53]. In this case, the (d 4+ n)-dimensional action includes
contributions from both the curvature of the compact space and a flux threading the n
internal dimensions. The action is given by

(1 1
_ d+n o - - Mi...My,
Sd+n = /d T Gd+n <2Rd+n 2n!f‘ﬁ]\/jl.“]\/[nf‘j 1 ) y (3.11)

following the notation in [54]. In a holographic context, the flux threading the internal
dimensions is replaced by D-brane domain walls, with an AdS vacuum emerging as their
near-horizon limit. To determine the geometry experienced by these branes, we remove the
flux term, leaving a pure Einstein-Hilbert action,

1
Sd+n = /dd+n$ —Gd+n§Rd+n. (312)

Upon dimensional reduction, we obtain

Sy = / dlar /=G (;Rd _ %((‘3(;5)2 _ V(d))) , (3.13)

where ¢ is the canonically normalized volume modulus,

d+mn—2
n(d —2)

defined in terms of the internal volume V in string units. The potential for ¢, sourced by

¢ = InV, (3.14)

the curvature term, reads

2 vVn+d—2 ¢
)

V() =—Ce ~Vra (3.15)

where C' is a positive constant. This curvature potential can be rewritten in the form
of (3.9) by defining

_ Vn+d-2 ¢

P =pe vrd=2", (3.16)
where p? = W)C(dd). Using the ansatz for the metric in (3.2), the flow equations are
solved by

n(d —2) n
=/ —=1 Alr)y=—1 3.17
o) =\ rg-glnn Al)=_—o—ghn (3.17)
up to constants. Uplifting the resulting metric to d + n dimensions yields
ds3,, =V T2ds2 + Vrds? (3.18)
n n 2(d—2)
= T‘_ﬁ (dr2 + r@dsﬁ_l) + desi (3.19)
= dy? + ds?_; +yds>, (3.20)

where y ~ r% defines a new radial coordinate. This metric describes a conical singularity,
implying that all these Freund-Rubin vacua can be described as the near-horizon geometry of
the D-branes, that source the flux, probing a conical singularity. This is a well-known fact of
Freund-Rubin AdS vacua [55, 56]. Therefore, the flux-backtracking procedure successfully
recovers the geometry that must be probed by the branes in this case.



3.1.1 Example: AdSs X S° and Sasaki-Einstein compactifications

The simplest example are the AdS5 x S° vacua in IIB string theory, where a five-form flux
F5 threads an internal sphere S° [1]. To find the brane picture, the N units of five-form flux
should be replaced into N D3-branes. Following the results that we obtained above using the
flux backtracking method, these D3-branes should probe the following geometry,

dsiy = dy* + dsi + y*dsZs, (3.21)

which is just the 10-dimensional flat space metric. Indeed, it is well known that the near-
horizon geometry of a stack of D3-branes in flat space corresponds to AdSs x S°, so the
flux backtracking procedure has yielded the correct answer. Moreover, the central charge
of the CFT scales as N2, which is precisely the result that one would get from counting
perturbative degrees of freedom for a stack of N D3-branes. Since the string coupling does
not run in this solution, it can be taken as very small in the solution, so that the worldsheet
techniques to count degrees of freedom remain valid (we will see that this is not always
the case in more complicated examples).

This solution can be generalized e.g. for the Klebanov-Witten vacua [5] of the form
AdSs x X5, where X° is an Einstein space. Using the backtracking flux procedure, the
metric then becomes

dsiy = dy® + ds7 + y*dss, (3.22)

with X° being the base of an actual conical singularity. This geometry is no longer flat
space, but indeed corresponds to a conical Calabi-Yau whose base is the Sasaki-Einstein
space X°, as expected. A stack of N D3-branes probing such conical singularity yields the
AdSs x X° vacuum as their near-horizon geometry. We can also apply the same logic to any
Sasaki-Einstein compactification, yielding the appropriate conical singularity.

3.1.2 Example: AdS,s x S7and AdS7; x S*

Other well-known examples of Freund-Rubin vacua are the AdS, x S7 and AdS7 x S* solutions
of M-theory [1]. In these cases, the higher-dimensional spheres are supported by N units of
the seven-form flux Fy and four-form flux Fy respectively. We can then replace these fluxes by
the corresponding stack of N M2-brane and M5-brane domain walls, respectively, and solve
the above flow equations. The result is that these branes should probe an eleven-dimensional
flat spacetime with metrics

dsiy = dy* + dsj + y*dssr, and dst = dy® + ds§ + y*dsza, (3.23)

recovering the brane picture of these AdS vacua. Here, the central charge grows as N3/2
and N3 respectively, corresponding to a stack of N M2-branes and a stack of N M5-branes,
respectively.

3.2 ABJM theories in ITA string theory

Let us move on now to a slightly more complicated family of vacua: the ABJM vacua [6]. The
ABJM field theories arise as the worldvolume description of N M2-branes placed at a C*/7Z;,



orbifold singularity, rather than flat space. In the strong coupling limit, where N > k°, these
are dual to M-theory on AdSy x S7/Zy. In the 't Hooft limit, though, where N,k — oo
with A\ = N/k fixed but small, they are better described by Type ITA on AdS; x CP3. In
this section, we check whether our method recovers the aforementioned orbifold singularity
starting from the bulk supergravity description.

We start from type IIA string theory with N units of Fg-flux, k units of Fy-flux and
internal curvature. We remove the contributions from the Fg-flux, dual to the M2-branes,
from the effective potential and consider the resulting flow generated by F>-flux and internal
curvature. In appendix A we perform the general dimensional reduction of Type IIA and the
derivation of the superpotential P for the flux-induced scalar potential. Particularizing it to
the case of ABJM, we obtain that the four-dimensional scalar potential is given by

1
V= Ag

—5 + AFZE4 + local contributions (3.24)
us s

where the first contribution is from the curvature of the internal space and the second one
corresponds to the Fh-flux. The functions Ar and Ap, are independent of the non-compact
moduli so they will not play any role in our discussion. The universal moduli u, s are related
to the overall volume V and the 10-dimensional string dilaton ¢ as follows,

V=ut =53 (3.25)

Recall that this is not a proper effective field theory since there is no scale separation; however,
thanks to supersymmetry, we can consider a truncation of the theory to the sub-sector of
zero modes, which will suffice for our purposes.

Using (A.6), the superpotential P is given by

P= CRufésil + CF2u%872, (3.26)

where we again do not specify the value of the constants as we only need the moduli
dependence.
We find that the flow equations (3.7) are solved by

s(r) ~ 23, u(r) ~ 1?3, A(r) = gln r. (3.27)

The ten-dimensional uplift of the domain wall metric is then given by
ds3y = [s(r)] 2 (dr2 + eQA(r)ds§> + [u(r)|dsips = dy* + y?3ds2 + y2ds? ps, (3.28)

where we have defined y = /3. This metric represents a deformed conical singularity with
a running string coupling

9s(y) = e?W = (y)s (y) = v, (3.29)
When uplifting to eleven dimensions, with z parametrizing the M-theory circle, we have
ds?, = e 22W/34s2 4 19W)/3 2

3.30
= dif* + ds3 + J*dsgr 7, (3.30)

,10,



redefining § = 32/5.

Therefore, we indeed recover the conical orbifold singularity probed
by the stack of M2-branes in the brane picture. In conclusion, the solution goes to strong
coupling for large ¢, matching the M-theory on S”/Z;, description. In the opposite limit
7 — 0, the string coupling decreases as we approach the brane stack, so that the system can
be analyzed via a D2-brane picture [57]. The central charge of the IR CFT grows as N 3/2
times a k-dependent function [6], generalizing the result of the previous example of AdSy x S”.
As it is well-known, the tree level N? naive expectation from a stack of N D2-branes is
reduced due to strong coupling effects, but still upper bounded by the perturbative result of

the UV worldvolume theory of the D2’s since the singularity is weakly coupled.

3.3 AdS vacua in massive ITA string theory

Let us next investigate AdS vacua arising from massive Type IIA. We are interested in these
vacua as they also include Romans mass, which plays a key role in the DGKT vacuum that
we aim to analyse in section 4. We will see that the flux backtracking procedure provides
the correct result in these vacua with Romans mass.

We first consider the singularity probed by D2-branes in the Guarino-Jafferis-Varela
set-up [8]. This is a squashed AdS; x S% background in massive type ITA, with dual
super-Chern-Simons-matter theories that have a SU(N) gauge group and level m equal to
the Romans mass. The CFT lives on the D2-branes which have Romans-mass induced
Chern-Simons coupling, which deforms the D2-brane near-horizon geometry.

The lower-dimensional potential of the bulk theory will receive contributions from the
Fs-flux, the Romans mass and the curvature (see [58]). In order to find the geometry probed
by the D2-branes that source the Fg-flux, we need to find the running solution to the potential
upon setting to zero the Fg-flux. Using the result for the effective potential in (A.5) of
appendix A, we obtain that the potential driving this running solution is given by

1 3
V=Ap—+ Apou—4 +local contributions — P = cpu~2s™! + CFOU%S_2, (3.31)
us s

where again the moduli u, s are related to the overall volume and the dilaton as in (3.25).
The flow generated by the Romans mass and the curvature is solved by
4/5 2/5 19
s(r) ~r20 u(r) ~rele A(r) = %lnr, (3.32)

and this corresponds to the following ten-dimensional metric,
ds?y = [s(r)] 2 (er + eQA(r)dsg) + [u(r))ds?s = dy? +y~2/Pds? + y?dsZe, (3.33)

with y = /% and running coupling gs(y) ~ y~1. This describes a deformed conical singularity,
as perhaps could have been expected from the fact that massive IIA does not admit 10-
dimensional flat space as a solution. The central charge is known to grow as N 3. Since the
singularity is strongly coupled, unlike in previous examples, we do not expect to be able
to use worldsheet techniques to derive this result.

The result (3.33) is, to our knowledge, the first attempt in the literature at constructing
the massive ITA configuration dual to the theories in [8]. However, we emphasize that
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the result should be taken with a grain of salt. As explained in section 2, the simple flux
backtracing procedure that we perform relies crucially on us including all light scalars that
are relevant to the problem. Since we only started from a four-dimensional effective field
theory view, from which then we switched off some fluxes, it is conceivable that doing so
turns on scalars not included in our original consistent truncation.* The way we are doing
things, we are blind to this possibility (which will not impact scale-separated setups such
as the DGKT scenario that we discuss in section 4.1), and so (3.33) should only be taken
as an educated guess for further exploration.

We have checked that (3.33) satisfies directly the ten-dimensional Einstein equations and
dilaton equation in the presence of Romans mass, provided that C%;b /ck = (m/(6+/30))2.5
Additionally, we checked that it is compliant with the bound on the size of strongly coupled
regions in massive ITA proposed in [59] (although it exactly saturates it since the inverse
of curvature radius and the string dilaton decrease at the same rate as y — 0), so at least
there’s that.

3.4 More general examples

We end this section with a few comments about examples with known holographic duals
that are more involved, either because they have many fields and/or non-trivial field profiles
in the internal dimensions.

Consider the AdSg vacua of Jafferis-Pufu [7] arising in Type I’ string theory. The
CFT comes from a system of D4-branes intersecting D8-branes and O8-planes. The bulk
gravitational theory contains an AdSg x S® factor arising upon compactification of Type
I’ including Fy-flux. Recall that Type I’ is equivalent to Type ITA on an interval, with
two O8 -planes at the endpoints of the interval and D8-branes to cancel the tadpole. The
D8-branes induce a non-trivial value of the Romans mass in the interval. Consequently,
the low-energy theory contains two geometric moduli (in addition to the dilaton) which
parametrize the volume of the S3 and the size of the Type I’ interval. The Romans mass,
the curvature of S and the Fj-flux supporting the internal space will all contribute to
the effective bulk potential. However, this is not all. This example exhibits a feature that
did not appear in previous examples: the dilaton has a non-trivial profile in the internal
dimensions, so it is not a homogeneous solution. In particular, the dilaton non-trivial profile
occurs along the interval in between the O8’s. This induces an additional contribution to the
six-dimensional potential coming from the spatial gradient of the dilaton. In order to find the
geometry probed by the D4-branes, we would need to solve the flow equations taking all these
ingredients into account (except for the Fj-flux sourced by the D4’s), which becomes quite
involved as the running of the scalars will occur along both external and internal directions.

The basic issue we are facing is again that we do not have an off-shell scalar potential
including all relevant fields in this case. However, there is a way to simplify the computation by
performing the flux backtracking procedure in two separate steps (which secretly use the fact

4For instance, we did not take into account variations of the additional shape moduli of the deformed
sphere. For this solution to be valid, they would need to be fixed along the flow. This we cannot guarantee
here, but would be interesting to explore in the future.

5This is for the internal manifold being a 6-sphere. It holds more generally for Einstein manifolds with
Ricci curvature RS, related to the scalar curvature Rg by RS,, = (Rs/6)gr, if ¢i,/ck = (m/(6v/Re))>.
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that we know what the final answer should be). Notice that we actually have two independent
flow directions: the non-compact radial direction of the six-dimensional space and the nine-th
coordinate associated to the internal Type I’ interval. Hence, we can first consider the Type I’
flow in nine dimensions driven by the Romans mass, and then further compactify to consider
the six-dimensional flow driven by the curvature of the S% as in a Freund-Rubin setup.
Let’s start with the first step and look for a running ten-dimensional solution of the form

ds?y = dr? + *4 " ds2, (3.34)

where dsg is a Minkowski metric. The flow is only driven by the Romans mass since it is
the only ingredient affecting the warp factor A(r) and the dilaton. Using (3.7), this leads
to P(¢) = /4, with e? = =45 and A(r) = o Inr. After going to string frame and
redefining the radial coordinate r — 7%/, the result is the very well-known Polchinski-Witten
solution of Type I’ given by

dslo = dr® +r7?ds3, e~ (3.35)

One can also check that this is the near-horizon geometry in a background induced by
D8-branes.

Next, we further compactify this nine-dimensional Minkowski space on S3. The com-
bination of the Fj-flux and the curvature yields the AdSg solution. However, to find the
geometry probed by the D4-branes, we get rid of the F;-flux and simply find the running
solution driven by the curvature term. The computation is analogous to that of Freund-Rubin
compactifications in section 3.1, so we can borrow the results to obtain

ds3 = VU2 (di? + 240 ds2) + V3dshs = dy® + ds? + y?ds,, (3.36)

with y = 77, A(F) = %lnf and e® being a constant function of #. The result is that the
nine-dimensional metric is still flat space, so when combining everything together we get
that the geometry probed by the D4’s is

ds?y = dr? +772%ds2, e ~ 171, (3.37)

with ds3 corresponding to Minkowksi space as in (3.36).

Another example that we did not discuss about is the AdS; vacua of [9]. These vacua
are notoriously complicated, involving “football” geometries with an anisotropic internal
manifold on the bulk side, and intersecting D6-NS5-brane stacks on the other. This is yet
another example of the cases (mentioned at the end of section 2) where we do not have an
off-shell flux superpotential. As a result, there is no guarantee that sticking to just one scalar
(e.g. the volume of the compactification manifold, as we have done in previous cases) is a
consistent truncation, and in fact, we have checked that if one does so, the flux backtracking
procedure gives wrong results. Since we know that the internal manifold is anisotropic, it
makes sense that we should include at least another modulus (and possibly more). While in
principle this resolves the contradiction, it would be nice to explore multi-field cases in detail.

4 Vacua with unknown holographic dual

Now that we have some confidence in the validity of flux backtracking, we apply it to the
cases of real interest: AdS vacua without a known holographic dual.
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4.1 DGKT scale-separated AdS4 vacua in massive ITA

The DGKT [11, 14] vacua are compactifications of massive ITA string theory on a Calabi-
Yau manifold in the presence of unbounded Fy-fluxes, bounded Hs-flux (and Fp-flux) and
O6-planes. This is an example of special interest as it provides a scale-separated AdSy
solution, namely the size of the extra dimensions is smaller than the AdS size, so the vacuum
is honestly four-dimensional. However, it is not clear whether this proposed supergravity
solution can be uplifted to a UV-consistent string theory solution (see [29] for a review
on potential issues). Recently, we have found [26] that this vacuum is in tension with the
vanilla application of the Weak Gravity conjecture to domain walls, so either there is some
inconsistency in the DGKT vacuum or the Weak Gravity Conjecture for domain walls must
be reformulated, which would also have profound implications for the expected instability
of non-SUSY vacua [60]. Any progress in constructing the CFT dual of this AdS solution
could help to settle the debate and find out whether the vacuum is UV consistent or not.
Notice that, at the moment, there is no single example of an AdS/CFT pair exhibiting scale
separation; all AdS proposed scale-separated vacua do not have known CFT duals yet, and
whether this is at all possible has been put into question [18, 61-64]. Therefore, DGKT vacua
(or similar constructions) have the potential to become the first scale-separated examples
in the literature, if a CFT dual can be found.

A first step towards constructing the CFT dual is to find the brane picture of the AdS
vacuum, which we will do in this section. The Fj-flux number N parametrizes the amount of
control and scale separation, since g;!, the overall volume and the ratio between the KK
and the AdS energy scales grow with V. Hence, we will apply backtracking to this flux only,
so the result will be some singularity in massive ITA where an O6-plane and H3-flux end,
as depicted in figure 2. Probing this singularity with D4-branes should reproduce the AdS
DGKT background as their near-horizon geometry. See [65] for previous attempts involving
smeared sources and a toroidal cover of the Calabi-Yau manifold.

When switching off the Fy-flux, we can study the problem using the explicit 4d N/ =1
solution of [11]. Since the solution is scale-separated, the effective field theory captures in
principle the full dynamics of all scalars. The remaining fluxes then generate the following

potential
1 |Apu®  Ap.s
V=— L .| 4.1
s3 s + u3 o6 (4.1)
for which the potential P is
P = CFOU%S_Q + cH3u_%3_1 (4.2)

and the flow equations (3.7) are solved by the following running solution®

s(r) ~ r2/3, u(r) ~ P29, A(r) = ;—ilnr. (4.3)

5We consider solutions to the flow equations where all axions are constant and equal zero. In the DGKT

vacuum with Fy, Hs and Fp flux, all axion vevs are vanishing as well. It is possible to turn on F» and Fg flux
in the DGKT vacuum because of a gauge redundancy (see equations (4.42) and (4.43) of [11]) where some
of the axion vevs and fluxes are shifted. In the absence of Fy flux, it is still possible to turn on Fg flux, by
setting one of the axions to a non-zero constant proportional to the Fs flux. By contrast, > flux cannot be
turned on in this case, since the gauge redundancy that allows it requires Fy flux to be present.
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Figure 2. Flux backtracking applied to DGKT produces a strongly coupled singularity in massive
ITA, depicted in the figure. The C'Y3 of DGKT is fibred along the r direction, reaching 0 at finite
distance. Probing this singularity with D4-branes and taking the near-horizon limit should return the
original DGKT vacuum. Notice that the O6~ plane (depicted as a fuzzy line on each of the three
illustrative slices) of DGKT ends at the singularity; this is possible because the geometry is also
threaded with Hs-flux, cancelling the tadpole.

The geometry that the D4-branes should probe in the DGKT geometry is then an orientifold of

dsty = dy® +y %3 + y*Bdsty,  gs(y) ~y (4.4)

where y = r1/3.

Result (4.4) is, to our knowledge, new; it unambiguously comes out from the flux
backtracking procedure applied to DGKT. Unlike previous examples, this resulting singularity
is neither conical nor deformed conical. This is to be expected, since massive IIA does not
admit flat space as a solution; asymptotically conical geometries precisely asymptote to flat
space. The interesting behavior however is the singularity at y — 0. We observe that the
string coupling diverges there. This is even more interesting, since the fact that the coupling
becomes strong means that we will never be able to understand this singularity via D-brane
techniques. In other examples (such as ABJM, discussed in section 3.2), the reason why
we understand the system is that there is a UV brane picture involving weakly coupled
singularities, which can be probed via D-branes in string perturbation theory. Once the UV
dynamics is known, it may flow to a strongly coupled system in the IR (like for ABJM for
small k), but the QFT description provides a foothold from which we can understand the
system explicitly, providing e.g. an upper bound for the central charge via the c-theorem.
Since the DGKT singularity is strongly coupled, we cannot do any of the above, even in
principle (see e.g. [16] for a proposal of increasing the number of degrees of freedom at strong
coupling by considering multi-prong strings). We want to note, though, that the central charge
is much larger than the N°/3 scaling obtained in the massive ITA solution of [8], for which
the scaling of the central charge is smaller than N? even though it is also strongly coupled.

Finally, reference [59] gave evidence that massive IIA cannot be strongly coupled. The
precise bound they put forth was that the string coupling could not grow beyond the local
curvature scale in string units, although most of the evidence from this statement was
obtained in the supergravity approximation. Hence, the bound that needs to be satisfied
is gs < ls/R where R is the radius of curvature. Using (4.3) and (3.25), we obtain that
gs~y 1 <I/R~ y~1/3, where we have also used that the curvature radius in string units

1/2

goes as VY6 ~ y Hence, this bound holds as long as we are at a distance y from the
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singularity bigger than a string length (at smaller distances we cannot trust the solution
anyway), so the solution is consistent with [59].

4.2 Scale-separated AdS,4 vacua in massless ITA /M-theory

The DGKT vacuum is not the only proposed scale-separated AdS vacuum in the literature.
For instance, by performing two T-duality transformations on the DGKT solutions and
doing a rescaling of fluxes, new scale-separated AdSy solutions were obtained in ITA without
Romans mass [12]. These involve an unbounded Fg-flux, partly unbounded Fb-flux that
generates the scale separation, and curvature of the internal Iwasawa manifold. The Fb-fluxes
are distributed anisotropically over the internal manifold, resulting in an anisotropic scale
separation. This setting has the advantage of allowing for strongly coupled solutions and
hence an uplift to M-theory due to the absence of Romans mass. The backreaction of the
O-planes is better understood in this context [12]. From an M-theory perspective, since all
fluxes but Fg are geometrized, this solution is of Freund-Rubin type, and should arise from
compactifying M-theory on a 7-dimensional manifold that admits a weak G4 structure [12];
equivalently, this means that the 7-manifold equipped with the scale-separated metric is the
base of an eight-dimensional Spin(7) cone. However, it is not clear that such a G9 structure
exists. Progress towards these questions can be found in [66].

In the following, we derive the singular geometry that should be probed by D2-branes
in order to reproduce this AdS vacuum. When removing the Fg-flux and replacing it with
D2-branes, the remaining core ingredients that generate the flow are the same as in the
ABJM construction (section 3.2): Fh-flux and curvature. While details and the precise
flux configuration may differ, the overall dependence of the universal moduli on the radial
coordinate will remain the same, yielding

dsiy = dy* + y**ds3 + Y dstymsawar  95(¥) ~ Y (4.5)
in ten dimensions, and
dsty = dij? + dsi + §2dstymsawax st (4.6)

in eleven dimensions, where § = y?/3. To derive this result, we have borrowed the result for
the running solution in (3.28) and (3.29), but taking into account that the internal manifold is
now the Iwasawa manifold. Here, the unbounded F5-flux has been absorbed into the internal
metric component. More details and the explicit solution including the flux dependence of
each metric factor can be found in appendix B.

Interestingly, the resulting metric is quite simple and corresponds to a conical singularity,
unlike in the above DGKT setup; this is also what one would expect from the Gy cone picture
described above. Moreover, the singularity is weakly coupled as g; vanishes as y — 0, so
one could aim to understand the growth of the central charge using worldsheet techniques.
According to the bulk AdS solution, the central charge of the dual CFT should grow as
c ~ l?&dSMgA ~ N3/2ki”k2_5/2, where N is the Fg-flux, dual to the D2-branes probing the
weakly coupled singularity, and k1, ko are different components of Fb-flux that lift to metric
fluxes in M-theory. This is consistent with the expected N3/2 scaling of M2-branes probing a
conical singularity. The extra k3k, 5/2 factor should then arise from the particular singular
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geometry in which the D2-branes are placed. The flux k; is unbounded, while the component
ko (corresponding to ejg in the notation of [12]) is fixed by the D6-brane tadpole. We keep
it here to illustrate that for k; ~ ko ~ k (which is an O(1) quantity fixed by the tadpole),
the above formula for the central charge is reminiscent of the small k/N ABJM result
¢~ N3/2|1/2 including the leading k-dependence. In fact, if we restore the flux dependence
on the result for the metric (4.6) (see appendix B), we get

ds2, = dif? + kP ky "0ds2 + (k7 ko) 3 52ds2, e + K2k 2d 22 (4.7)

with gs(y) = koki 2y, which for k; = ko also resembles the k-dependence of the metric in
ABJM.” We may understand this as arising from the fact that in both cases we have a IIA
picture where the Fh-flux scales homogeneously with a single integer k.

The main difference with ABJM gets manifest when k; is taken parametrically large

/% and the solution becomes scale-separated.

and independent of ks, so that laqs/lkk ~ k:}
If N ~ kq then we also recover the same huge scaling of the central charge as in DGKT
¢ ~ N92_ Hence, in any parametrically scale-separated solution within this family of AdS,
vacua, the central charge must grow strictly faster than N3/2,

In ABJM, when k ~ N, the supergravity solution breaks down since the t’Hooft coupling
is given by A\ = [2/I* = N/k, so the internal curvature . becomes of string size. However, in
this other family of AdS, vacua, the internal volume in string units scale as N%/2k; 'k, /2 with
ko fixed by the tadpole, so that the supergravity regime remains valid as long as k1 < N3/2.
Still, due to the similarities with ABJM, one could be tempted to imagine that the dual
theory is described in the UV by a gauge theory (associated to the M2-branes probing the
corresponding conical singularity). However, we do not know how to make this expectation
consistent with the supposed growth of the central charge. For a gauge theory with a simple
gauge factor, the central charge should grow as N? for fixed t'Hooft coupling.® If we assume
the same dependence as in ABJM, where A = 12/i4 with I, being the curvature of the internal
space in string units, then we would get ¢ ~ %k; 5/2 for these scale-separated AdS vacua.
If additionally we set ko ~ N/)a, the central charge is of the form ¢ ~ N2f()\, \2). This
suggests that the dual CFT (if it exists) could flow from a gauge theory (whose central
charge scales with N2 times a function of 't Hooft couplings) only if ko, which is fixed by
the tadpole, is also related to some t’Hooft coupling of a gauge factor that somehow remains

always strongly coupled. It would be interesting to further explore this in the future.

4.3 Scale-separated AdS3 vacua in massive ITA

There have also been plenty of similar proposals of three dimensional — rather than four
dimensional — scale-separated vacua in massive Type IIA using G2-holonomy manifolds

"In ABJM, we have
dsto = dy® + k%P ds] + 1y dsgps,

with y = k=373 where we have restored the flux dependence in (3.28), (3.30). Using that the string
coupling runs as g, = e? = k™ 'y and defining § = k*/3y?/%, the metric gets uplifted to 11d as follows,
ds?y = e 23453 + e*/3d2? = dif* + k¥ %ds? + P (dsips + k~2d2?).

8This is indeed satisfied in ABJM, where ¢ ~ N3/2k'/2 ~ ]\\/f—; for A = % > 1.
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instead of Calabi-Yau’s. The construction presented in [13] is very similar to the DGKT
vacua with similar ingredients such as an unbounded Fj-flux, Romans mass and an H3-flux.
In this way, they obtain scale-separated AdSs-vacua, where the Fy-flux again parametrizes
the amount of scale separation, and the internal manifold is instead a G2-holonomy manifold.
After removing the unbounded Fy-flux from the action, the residual scalar potential and
superpotential take the form

V= Apou%sfg’ + AH3u*3372 — Ao@;u%s*%, P= CH3U73871 + CFOUES*%, (4.8)
The flow generated by the Romans mass and the NSNS-flux in three dimensions is solved by
s(r) ~ 310 () ~ P8 A(r) = % Inr, (4.9)

which results in the following ten-dimensional metric
ds%o = [5(7‘)]_2 (dr2 + 62A(T)ds%) + [u(r)]ds%;2 = dy2 + y_4/3ds§ + y2/3d32G2, (4.10)

3/16 and g4(y) = y~'. This is the singularity that should be probed by domain

with y = r
walls consisting of D4-branes wrapped on 3-cycles in order to reproduce the above AdSs
geometry as its near-horizon limit. This geometry turns out to be very similar to the geometry
found for the DGKT vacua (4.4) and is also strongly coupled. Again, we have a very large
central charge ¢ ~ N* [20], but we cannot say much in this regard since the singularity is
strongly coupled. We have also checked that the flow is consistent with the criterium of [59]
of not having strongly coupled supergravity configurations of masisve IIA, since here the

curvature blows up faster than g;! as y — 0.

4.4 KKLT AdS4 vacua

Another important proposed AdS vacuum whose CFT dual is unknown is the 4d N =1 AdS
vacuum in the KKLT scenario. This vacuum serves as the starting point before uplifting to a
de Sitter solution, and recent advances have provided concrete progress in its construction
within string theory [67-69]. Despite this progress, it remains unclear whether the vacuum is
fully protected from all possible corrections, as it contains blow-up cycles of string size and the
very little amount of supersymmetry makes its control very challenging. Unlike DGKT, this
vacuum cannot exist at parametrically large values of the volume, and exhibits an even larger
scale separation, as the internal space grows logarithmically with the AdS scale.” This seems
to imply that the dual CFT, if it exists, should have a central charge that grows exponentially
on N rather than polynomially (assuming that N is still related to the flux quanta).

The papers [70, 71] precisely attempted to construct brane picture of this vacuum,
by dualizing all fluxes to branes. When these branes are placed in flat space, neglecting
non-perturbative corrections, [70, 71] show that their worldvolume degrees of freedom are
insufficient to explain the very large growth of the central charge of the putative dual CFT.
While these branes in flat space alone are not expected to provide the CFT dual of KKLT,
those papers aim to argue that the resulting worldvolume theory is a UV description that
should flow to the actual CFT dual to KKLT in the IR, and therefore provide an upper
bound on the central charge. Rather than entering into the discussion of the consistency, or
even existence, of this putative RG flow, we are interested here in whether it is possible to

9Tn particular, one has Ikx ~ o and laqs ~ +/0e®” with o parametrizing the overall volume.
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get information directly about the singularity that should be probed by the branes in order
to realized the putative CFT dual to KKLT. If a brane picture for KKLT exists, the branes
will most likely have to probe some singular, complicated geometry in order to produce the
KKLT AdS vacuum as their near-horizon geometry. A natural question is, therefore, whether
we can apply our flux backtracking procedure to determine such singular geometry where
the branes should be placed to yield the dual field theory of KKLT.

Let us first describe the low-energy effective theory for KKLT. The idea is to first
introduce G5 fluxes that stabilize the dilaton and all complex structure moduli of the Calabi-
Yau threefold. The overall volume of the Calabi-Yau is then stabilized by considering
non-perturbative corrections (e.g. from euclidean D3-branes), such that the superpotential
has the following structure:

W = Wo + ce 2™ (4.11)

where Wy includes the flux dependence and it is evaluated at the flux stabilized values of
the complex structure moduli and dilaton. The low-energy scalar potential for the Kéhler
modulus T" becomes

V =
3

wace 2T [ dnacoe2mac
o2

+ Wo + ce2m> (4.12)

where 0 = Re(T') parametrizes the overall volume of the CY.

If we try to apply the flux backtracking method to the solution, we quickly see that there
are key differences between KKLT and the other setups studied in this paper. The main
difference is that there is no flux that can be taken parametrically large while keeping a
supersymmetric solution, since all involved fluxes are bounded by the D3-tadpole condition.
Hence, the first step of the flux backtracking procedure may already be more difficult, since
finite IV corrections cannot be scaled away. Nevertheless, we may still try to switch off some
flux, even if it enters in the tadpole, dualize it to a brane and see where this takes us.

When switching off a flux, the tadpole forces us to include additional D-branes in the
compactification, which will change the low-energy effective field theory. In a generic position,
each of the branes will contribute an open string sector with an N =4 U(1) vector multiplet.
At weak coupling, we can decouple the dynamics of these open string fields from the closed
string modes, so that we can study the running solution considering only the latter. Moreover,
the D3-brane tension will cancel against the orientifold, as happens for the ISD fluxes in
KKLT. This seems to suggest that we can still use (4.11) as a good approximation for
the superpotential of the running solution. However, we should keep in mind that this
approximation might fail close to the singularity where small volume or strong coupling
effects can imply that open and closed string sectors do no longer decouple. Modulo this
caveat, we can now check what the result would be for the singular geometry depending
on which fluxes are dualized to branes.

In appendix C, we study two particular cases: when all fluxes are removed (so Wy =0
classically), and the case where only F3-flux is removed, so that the stack of branes would
consist only of D5-branes. When all fluxes are removed, the remaining non-perturbative
superpotential generates a running solution.
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In appendix C, we study this solution and show that the running solution is singular both
at r — oo and r — 0 towards small volumes in both cases. In one of the singularities, the
volume goes to zero, as in the other examples studied in this paper; in the other, the internal
volume decompactifies at a finite distance. A priori, either singularity could correspond to the
5-brane locus.!” Finally, if only F3-flux is removed, we get similar behaviour if the remaining
NS flux and the non-perturbative terms contribute with the same sign to the superpotential.

We wish to end this section with a note of caution. The flux backtracking procedure only
yields the crudest features of the would-be singularity, and cannot be used to conclusively
establish its existence or properties. In other words, while we found no obstruction to the
existence of a KKLT singularity with the right asymptotics, there might be other issues
invisible to our analysis, which may however be taken as a first step towards a KKLT
brane picture.

5 Conclusions

In this brief note we have explored the application of a “flux backtracking” procedure, allowing
one to reverse-engineer a brane picture starting from a given AdS flux compactification. The
main tool required is an off-shell scalar Lagrangian for the low-dimensional theory. Using
this, one can construct a dynamical cobordism (in the sense of [30-32]) leading to the desired
geometry. This Lagrangian could correspond either to a consistent truncation of the full
system or to the low-energy effective field theory if the AdS vacuum is scale-separated.

We have checked this procedure in a number of known AdS/CFT pairs. In all these
examples, the flux backtracking procedure reproduces the correct result for the possibly-
singular geometry that should be probed by the stack of branes in order to generate the
corresponding AdS background as its near-horizon geometry. More interestingly, we have
applied it also to AdS flux vacua without known holographic dual, such as [8] or the scale-
separated DGKT vacuum of [11]. Doing this, we have produced a candidate massive ITA
singularity which we believe that, when probed with D4-branes, results in the DGKT solution
as a near-horizon geometry. The question of whether this vacuum is UV consistent and has a
CFT dual reduces then to whether the worldvolume theory of the D4-branes in this singular
geometry flows to a suitable CFT. The singularity is strongly coupled and preserves 3d NV =1
supersymmetry only, which is not protected against quantum effects, so the system will be
difficult to analyze explicitly. At the singularity, curvatures blow up; it would be interesting
to elucidate its fate given the low supersymmetry of the system, but at present we do not
know how to do this. However, we hope that our explicit derivation of the brane picture could
help in the future towards either finding the CFT dual or showing that it does not exist.

We have also studied the scale-separated solution of [12], which is a massless ITA “cousin”
of the DGKT solution. From the point of view of our procedure, this case is completely
analogous to ABJM, and the resulting singularity is compatible with the natural picture
that the system is obtained via a stack of M2-branes probing a Spin(7) conical singularity in
M-theory. However, whether an appropriate family of singularities exists is left for future
work (see also [66]).

Finally, it is natural to try to flux backtrack KKLT vacua, particularly given the recent
concrete progress and discussions on the topic [67-71]. A key difference with the previous

1OWe thank Jakob Moritz for bringing this to our attention.
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setups is that there is no unbounded flux, so the procedure is sensitive to finite N corrections.
Ignoring this, we have found several singularities, which asymptote to Ricci flat geometries,
and which if consistent (a question about which we have nothing to say) and if probed by
appropriate stacks of branes, would yield the CFT dual to KKLT. In all cases studied,
however, the singularity is either non-perturbative or must be probed by non-perturbative
stacks of branes, which difficults using this perspective to learn something new about KKLT.

More generally, flux backtracking or other similar procedures can be applied to all sorts of
vacua where the brane picture is not known, but nevertheless one has some control over the
low-energy effective bulk action. Hopefully, doing so will shed some light on these questions
and illuminate new corners of the AdS/CFT Landscape.
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A Dimensional reduction of the ten-dimensional Type ITA action with
fluxes

The ten-dimensional bosonic Type IIA action is of the form

1

1
Sio = —/dl% —ge % <R+ 4(0,0)? — =|H3)?> — ** Y |F, 2)
212, b 5 Hs] Xp:! p| (A1)

+ local contributions,
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where local contributions arise from D-branes and/or O-planes. Consider a compactification
of this theory to d dimensions. We are interested in determining the dependence of the
d-dimensional potential on the universal moduli v and s. The internal volume in string frame is

10—d

V = Uu 2 s (A2>

and the ten-dimensional dilaton ¢ is related to these moduli by

e = 5424550 (A.3)
The canonically normalised scalars in terms of these universal moduli are

10—-d
4

u=

Inu, s=+vd-—2lns. (A.4)

The moduli dependence of the d-dimensional scalar potential is as follows

10—d—2p

V=Apu's? + Agu3s7% + Z Aju~ 2 54

(A.5)

+ local contributions,

where the A’s are coefficients that we do not specify. The Ansatz ‘superpotential’ to
reproduce this potential is

1 3 10—d—2 d
P=cpu2s ' +ecpu2s 4 Zcpu s, (A.6)
where we again do not specify constants as we only need the moduli dependence. The local
sources do not contribute to the superpotential.

B More details on scale-separated AdS, vacua in ITA with M-theory
uplift

In this appendix, we provide additional details on the computation of the flow in the scale-
separated AdS, vacua in massless ITA. In particular, we will give the flux dependence,
illustrating the potentially non-isotropic scalings in this case. The EFT is described by the
following schematic 4d N' = 1 superpotential (ignoring axionic contributions) and Kéhler
potential,

W = cpy — ccurs + ¢y urug + ch’Zug, K = —Instuju3, (B.1)

with contributions from unbounded Fg-flux, curvature and both unbounded and bounded
F>-flux. For the case of a toroidal internal manifold, u; parametrises the size of the first
sub-torus, while us corresponds to the size of the remaining two sub-tori. We label the
flux quanta as follows,

Cre ~ N, CRyy ~ k1, CRy, ~ k2, (B.2)

where both N and k; can in principle be arbitrarily large. The central charge scales with
these fluxes as

¢~ N3231, %2, (B.3)

— 922 —



The unbounded Fs-flux is the one responsible for scale separation, as
L
Lads k1/2.
Lxx

We note that for ky ~ N > 1, we reproduce the DGKT scaling relations, while for ky ~ ko ~ 1,
we obtain the ABJM scaling relations.

(B.4)

To find the geometry probed by D2-branes dual to the unbounded Fg-flux, we consider
the flow generated by the following residual superpotential

W = —ccurs + cpy urug + cFQ,ng, K = —In stuju3, (B.5)

The flow equations are

g5 (2k2u3 + w1 (s — 2k1u2)) o = 2uy (kou3 + uy (kyug — )
stuqud \/ s4uqul (B6)
B.6
il = 2 (sujug — kou3) P (k1ug — 8) — kou?
shuyu stugul
and a solution is given by
_ 3\3/3%7”2/3 ~ k;/3r2/3’
4/3,2/3
— 27\/>k ~ k234/3,2/3
L (B.7)
3 2/3
9[ Far®/ _1k1/3 2/3
7
A(r) 9 Inr
The resulting geometry is
dsty = (kg *Prt)ldr® + 0]+ KPP s ..

—4/9 4/3, —4/3
= dy2 + k2 / y2/3d'9§ + kZ/ kl / y2ds%wasawav

where y = ky 1 3:1/3 We stress that ko ~ 1 is bounded, while k; ~ M is unbounded and
we need M — oo to achieve scale separation,

dsty = dy® +y* dsi + M~y dstusaa. (B.9)
For the string coupling, we find
9s(y) = kak1 %y, (B.10)
so that the uplifted metric is of the form

ds2, = dif? + kP ky "0ds2 + (k7 ko) 3 2ds2, e + K2kT 42d 22

(B.11)
= di? + M*Y3ds3 + M~*35%( + M~83422).

dSIwasawa

with § = ky 1/ 31{:%/ 3y2/ 3 which means that the uplifted M2-branes probe a conical singularity.
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C KKILT vacua

C.1 Removing all fluxes

In KKLT, we have both fluxes and non-perturbative effects. The 3-form fluxes can be turned
into D5- and NS5-branes, after which we only remain with non-perturbative effects. We will
study what geometry these non-perturbative effects induce with our backtracking method.
However, we need to be cautious as the fluxes we now extract are all bounded by tadpoles
contrary to the previous examples we discussed.

We turn off all fluxes in the superpotential and consider

W = Age T, (C.1)

where t = Re T is the volume modulus related to the total internal volume in string frame
as V ~ t3/2. We consider a Kéhler potential of the form

K:—m@#ff@+ﬁw+ﬁﬂ (C.2)

where S is the axio-dilaton and Z are the complex structure moduli, and p > 0 is a positive
integer. The Kéhler potential should take such a polynomial form in asymptotic regions of
moduli space. The flow equations (with s = Re S,z = Re Z) for the moduli are given by

—at —p/2
= 2Ape” " (;jb/t; 3)7 - -— 2A067“tz7p/2\/ t%’
s

C.3
, QAOefatzl—g e Aoefatzfp/Q ( )
Vi3s ’ Vi3ds
We solve these equations in terms of the metric factor A,
3c1e*4 24 24
t(A) = W’ S(A) = C2€ s Z(A) = C3€ s (C4>

for constants c1, ¢z, c3. As we approach the singularity e — 0, the volume shrinks, and we
flow towards strong coupling and small complex structure.
The residual potential is strictly positive and takes the form:
ABe 29277 (4a*t? + 12at + 3p + 3)
3t3s

Hence, the potential increases monotonically as the moduli decrease. The flow towards the

(C.5)

Vit,s, z) =

singularity is therefore an uphill flow. This contrasts with all previous pure-flux examples,
where the flow was always downhill.
To understand this better, let us explicitly see how this downhill flow is achieved in the

Freund-Rubin case. The relevant equation is
"=0,V —(d—1)¢' A, (C.6)

where the positive sign on the potential gradient reflects that the flow coordinate is spatial
(unlike in cosmological evolution). The residual potential is negative and decays exponentially
with the volume modulus,

V = —Pe P, (C.7)
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This would lead to a positive (uphill) acceleration (94V > 0) for the volume modulus. However,
the friction term —(d — 1)¢’ A’ is negative and dominates, ensuring that ¢” < 0. As a result,
the flow remains downhill towards smaller volumes and vanishing metric factor e4 — 0. A
similar downhill behavior is found in all other pure flux vacua considered previously.

In contrast, for the KKLT scenario we find that 94V < 0 for all moduli, and from
the flow equations,

—(d—-1)¢'A" <0, (C.8)
so that
¢" <0, (C.9)

confirming that the flow is uphill towards smaller volumes and vanishing metric factor.

To understand better the flow near the singularity (and find the local dynamical cobor-
dism), we approximate

t(A) = c1e®4,  s(A) = e, 2(A) = e3e*, (C.10)
in which case the ten-dimensional metric is given by

dsly = 2V (dr? + 2A0dst) + V' 3dsty
= s 23/? (dr2 + 62A(T)ds§) + tl/st%Y
= e MAdr? 4 e7ds3 + eMdsty (C.11)
= e(IH2P)Ag 42 4 e_SAds§ + eAdS%Y
g 10 o 2,
=dy* +y Fdsy+ y+trdscy,
where we used that dr ~ e(*tP)4dA in this limit and defined y ~ e(!1*2P)4/2 We however

remark that near the singularity, there might be significant corrections to the Kéhler potential
that could change the flow solution.

We note that there is a second potential singularity when e?4 — (2ac;)™!. In this limit,
the volume blows up, while the complex structure moduli and dilaton remain constant. From
the 10d point of view, this corresponds to a singularity. Up to constants, we can solve the
equation for the volume modulus ¢ as

1 1
t(r) ~ -1 —In(1 C.12
(r)~—Inr+ - In(lnr), (C.12)
and then the 10d metric takes the approximate form

ds?y = dy* + (In y) "2 ds3 + (In y)L/? dsiyy . (C.13)

The flow towards the second singularity is decelerated and downhill.
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C.2 Removing the F3-flux

As a toy model, the superpotential consists of
W = (fo + hoS) + Aoe_at. (014)

We remove the flux fy contribution to the potential

W = hgs + A[)e_at, (015)
The flow equations are given by
v 2e~%27P/2 (Ag(2at + 3) + 3Bse™) g 2\/se” %2 7P/2 (Ay — Bse™)
- 9 - t3/2 9
3Vis (C.16)

S = 2e~2' % (Bse® + Ay) A — 2 P2 (Age™™ + Bs)

Vi3s Vids

Now the evolution of the volume modulus and the dilaton as A — —oo depends on the

signs and magnitude of Ag and hg. When Ay and hg have the same sign, the volume will
be shrinking at the singularity (with small complex structure moduli as well) analogously
to the case in subsection C.1. The evolution of the dilaton will depend on the magnitudes
of Ag and hg. If they have different signs, we could not find an obvious running solution
in which the volume shrinks.
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