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Abstract

We find non-supersymmetric AdSg solutions of type IIA supergravity. The internal
space is topologically an S? with a U(1) isometry. The only non-zero flux is Fp; an
08 sourcing it is present at the equator of the S?. The warping function and dila-
ton are non-constant. It is also possible to add D8-branes on top of the O8. Possible
destabilizing brane bubbles (whose presence would be suggested by the weak-gravity
conjecture) are either absent or collapsing. Our solutions are candidate holographic du-
als to unitary interacting CFTs in seven dimensions with exceptional global symmetry.
We also present analogous non-supersymmetric AdS, solutions for general d which are

supported only by Fj.
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1 Introduction

Quantum field theory is a universal framework for describing the behavior of many
physical phenomena. It is useful to organize the dynamics by energy scale via the
renormalization group. At the shortest and longest distances one frequently finds con-
formally invariant systems, and thus CFT's play a foundational role in our understanding
of field theory.

In simple examples in low spacetime dimensions, models of interacting CFTs can
be found starting from free fields and tuning interactions to a critical point. In space-
time dimension d > 4 this simple paradigm breaks down, since all interactions of free
fields are either unstable or irrelevant. This makes the problem of defining ultraviolet
complete interacting theories in high spacetime dimensions challenging. Nevertheless,
string theory sometimes suggests the existence of critical points engineered by inter-
secting branes [1-4]. Recent years have seen a revival of interest in such CFTs, fueled
for example by progress in their holographic AdS,,; duals (see for example [5-7] for
d =6 and [8,9] for d = 5), by F-theory [10,11], or by field-theoretic analysis [12—15].



The concrete examples of d > 4 CFTs that emerge from string theory are all su-
persymmetric, and this enhanced symmetry provides crucial insights to their dynam-
ics. However, for algebraic reasons, superconformal field theories can only exist in
d < 6 [16,17]. Thus we are left to wonder whether interacting CFTs can exist in gen-
eral spacetime dimensions. In other words: does unitary quantum field theory itself
have an upper critical dimension, i.e. a dimension beyond which all unitary theories are
necessarily free?

In this paper we confront this problem via gauge-gravity duality. We construct new
non-supersymmetric solutions of type ITA supergravity where the only non-vanishing
flux is Fy. In particular, these solutions can have AdSg factors and hence are potentially
holographically dual to d = 7 interacting CFTs. Note that while any effective theory
in AdSy,; defines a perturbative solution to the crossing equations of a putative dual
CFTy [18], the embedding in string theory strongly suggests that our models are non-
perturbatively consistent.!

Apart from CFT motivations, the study of high-d compactifications is also interest-
ing as a simple version of the landscape problem. Indeed supersymmetric AdS; and
AdSg solutions have by now been completely classified (see [5—7] and [8,9]), and one
can hope that this will inspire progress in the harder classification of d = 4 compact-
ifications. We can thus view AdSg as a simple setup where the restricted geometry
might enable a classification of non-supersymmetric compactifications, parallel to the
classification of supersymmetric AdS; compactifications.

Our strategy for finding AdSg solutions is straightforward. We assume that the
internal M space has a U(1) isometry. This reduces the equations of motion to a
system of ODEs. We study these equations of motion first in a perturbation series, and
then numerically. The perturbation approach is especially useful to treat loci where the
isometry S' shrinks. We present this analysis in section 2 below.

One class of solutions that emerges with this treatment has an M, which is topologi-
cally an S?, with an O8-plane with infinite string coupling at its equator. This makes it
similar to existing AdSg [21], AdS;7 [22, Sec. 5.1] solutions.” What makes it far simpler
than those, however, is that the only flux present is the Romans mass Fj. A cartoon of
this geometry is shown in figure 1a. We can also generalize this class of examples by

including D8-branes either on top of the O8 or on circles inside M; as shown in figure

! Another approach to CFTs in high dimensions is the numerical bootstrap. See [19] for preliminary
discussion. See also [20] for another recent proposal of non-supersymmetric holography.
2The AdS; solutions in [23] also have an O8 of the same type, but have a non-compact internal

space.



(a) The O8 Solution. (b) A Solution with D8s away from the O8.

Figure 1: Cartoons of the compactification geometry M, for our solutions. In (a), the solution
with no D8-branes: the radius of the circle and string coupling diverge as we approach the
O8 brane where the geometry ends. In (b) an example with D8-branes (shown in black) away
from the O8. As discussed in section 2.7, these solutions are unstable: the D8s either slip off

to the tip of the geometry or to the O8.

1b. In analogy with [4,21,22], one expects a configuration with npg D8-branes on the
O8 to give rise to Ej4,,, bulk gauge symmetry, and hence the putative dual CFTs
would have exceptional flavor symmetry.

In the region near the O8 in our solution, the string coupling diverges, and the
supergravity equations of motion are no longer physically relevant; they should be
superseded by the complete string theory equations. While these are not known, at
leading order in distance from the source our solution resembles the O8 solution in flat
space, which presumably is a solution of string theory. This suggests that our solution
should survive the onslaught of stringy corrections in the vicinity of the O8. Ideally
one would be able to change to a different duality frame near the O8, and then patch
this description with the supergravity solution which is valid almost everywhere.

A related general feature of our solutions is that, at the two-derivative level, they
all possess a modulus that can be used to tune the solution to the reliable region of
small curvature and weak string coupling. In other words, this modulus can be used
to make the O8 region arbitrarily small. However, the existence of this modulus also
implies that their fate may be sensitive to higher derivative (stringy) corrections to the
equations of motion as in the discussion of [24]. Another way to think about this is
that the stringy corrections are not invariant under shifts in the modulus. This means
that the stringy corrections generate a potential, and so we expect that our solutions
survive at most for discrete values of the modulus. We comment on this point in more
detail in section 2.6 below.

It is also natural to ask whether our solutions are stable. In contrast to more



familiar supersymmetric solutions, non-supersymmetric AdS solutions are not a priori
protected against instabilities. A conjecture has even been put forward [25] that they
are all unstable, based on a certain non-perturbative decay channel mediated by brane
bubbles. (For previous work on such bubbles see for example [26] and [27, Sec. 4.1.2],
which we will review below in footnote 10.) Our solutions are simple enough that they
can provide a simple playground to test such suspicions. This is especially important
in view of our original motivation, namely to give evidence for the existence of unitary
interacting CFTs in d = 7.

We will argue that for our case the bubble instability of [25] is not present. This is
in part because the flux components along the internal volume, which are often present
in an AdS solution, are not present in our solutions. Related to this, our solutions do
not arise from any known near-horizon geometry, so one of the original motivations for
the brane nucleation instability of [25] seems inapplicable.

One might wonder whether our solutions suffer from even more basic perturbative
instabilities. One mode that we analyze in detail in section 2.7 is uniform motion of the
D8-branes in the internal space. With a probe computation, we find that placing the
D8-branes at generic positions in the internal manifold is in fact unstable. Meanwhile
the position of the D8-branes is stable if they are localized on top of the O8. Since the
number of such D8 branes is bounded above 0 < npg < 8 this leads to a small list of
candidate stable solutions. A complete treatment of perturbative stability requires a
Kaluza—Klein reduction, a challenging task which we leave for future work [28].

We conclude in section 3 with a brief generalization of our section 2 analysis to
other dimensions: this shows that there exist non-supersymmetric AdS, solutions with
only Fy # 0 and no other flux for other values of d as well. Parallel to our previous
analysis, the simplest examples have as internal space a topological sphere S'9~¢ with
an SO(10-d) isometry, and an O8-plane at the fixed locus of an involution.

Finally, appendix B contains a discussion of other candidate AdSg solutions which

can either be excluded or are unphysical.

2 0O8-DS8 Solutions

We first look at ITA supergravity. In section 2.1 we specialize the equations of motion
to our AdSg problem. We will immediately find that there are two options: Fy # 0,
Fy, =0 and Fy, # 0, F5 = 0. In this section we discuss explicit solutions for the first

case. We examine the remaining case and IIB in appendix B.



2.1 ITIA Equations of Motion

The general ITA equations of motion are reviewed in appendix A.
The most general ansatz preserving the isometries of AdSg is as follows. The metric

can be written as

ds3, = ezwdsidsg + ds?\/[2 , (2.1)

where Ms is the compactification two-manifold, and the warping function W and dilaton
are functions on M,. Throughout unless otherwise mentioned we fix conventions such
that the cosmological constant A is —1. In ITA, the only possible fluxes consistent with
our desired isometry are Fy and Fy; the latter should be proportional to the volume
form voly of the internal space M,. Sometimes (for example in appendix A) we also
refer to their duals defined by (A.le).

From the flux equations of motion, we immediately notice some strong constraints.
Throughout our solution, the NS-NS three-form H must vanish. This means that, away
from brane sources, we have dF}, = 0 (see (A.1d)). Comparison with (A.1lc) then implies
that

FoNsxFy, =0 . (2.2)

Thus, in ITA our analysis will split in the two cases Fy # 0, F5, = 0 and Fy # 0, Fy = 0.
In order to get concrete results, we will mostly consider the cohomogeneity-one

ansatz, defined by taking the metric to be
ds}y = e dsigs, + € 29(dz” + e**df?) (2.3)

where 6 ~ 0+ 27 is periodic and now W, () and A as well as the fluxes and dilaton only
depend on z. We can fix the radial (z) reparameterization gauge freedom for example

by fixing @ in terms of other functions.?

2.2 Reduction to Ordinary Differential Equations

In this section we will solve the condition (2.2) by taking F» = 0. (The other possibility
of Fy #0, Fy = 0 is discussed in section B.1.)

We specialize the general type II equations of motion (A.1) to the ansatz (2.3). To
begin we work away from brane sources, and thus neglect localized § terms. We will

introduce sources in section 2.3 below. We find the following system of ODEs (below

A A

3We can assume e* > 0, even if only its square appears in the metric. In a solution where e

changes sign, it goes through zero; at such a point the S! shrinks and the manifold ends (see below).



prime indicates derivative with respect to z):

— 47 AW — 9PN N (N = Q — 20) + AW (IW' 4+ 2\ — 4p) 4+ (X — 26 + 8W — Q)"

(2.4a)

4o~ HQHW) = 20=QI 2 _ 4 W' (X — 2¢ + 8W) — 4W” (2.4b)
1

0= Ze2<<f>—Q>F§ — (N2 =8W")+ Q' (—8W + A +20) — (A —2¢ +8W — Q)" (2.4c)
1

0= 162(¢*Q>F02 — (N2 = 8W'N 42X ¢ + Q' (8W + A — 26) + (Q — N)” (2.4d)

The coordinate z never appears explicitly in the equations: in other words, the system
is autonomous.
As usual in general relativity and in theories with gauge redundancies, from the

system (2.4) we can extract a first-order linear combination:*
1
— 27 HQHW) geW—Q)Fg +2W/(TW —2Q + 2)\) + ¢'(Q — 8W — \) + (¢)*. (2.5)

We can trade an equation appearing in the combination, say (2.4a), for (2.5). Moreover,
another equation, say (2.4d), is a linear combination of 9,(2.5), (2.5), (2.4b) and (2.4c).”
This leaves us with a system of three equations: (2.4b), (2.4c), (2.5).

Observe also that A never appears underived in this system. Therefore, given any
solution, we can obtain another by shifting A by a constant. Below we will consider
smooth points where the circle parameterized by 6 collapses. In this case smoothness
of the solution fixes this freedom.

We can achieve some further simplification by fixing the radial reparametrization
gauge freedom in (2.3) with the choice

=W, (2.6)
so that the metric now reads
dsiy = e?Vdsias, + e 2 (d2* + e*1db?) . (2.7)

This gauge is often useful in other contexts, including for AdS; solutions [7] and for

black hole solutions in general relativity. With the further definition

q = 2HW (2.8)

4One can try to generate further first-order equations by taking a first derivative of (2.5) and sub-
tracting the second derivatives using (2.4). However, this putative new equation is in fact proportional
to (2.5).

®Actually this is true just if A # Q’. But if we took X = @', then (2.4d) would set Fy = 0 and
there are no solutions.



we obtain the system

F2 /
0=2e""" 4 §062¢—2W - %(gb —4AW)' — ((¢')* — 9¢'W' 4+ 22(W')?) , (2.9a)
+ 4W W/ /
e?? = 472V (a eréoz ) : (2.9b)
0
(07
W = — i (2.9¢)

Up to factors, the last equation determines the warping function (the coefficient of
ds%4g) in the same way obtained for AdS; solutions in [7, (2.27)]. We also note that,
since « is positive, equation (2.9¢) implies that o is negative definite. In particular
this means that the geometry My cannot be periodic.

Another important feature of the system (2.9), is that it is invariant under the

rescaling
W —=W+4ec, O — ¢ —c, A — A+ 2c¢, z— ¥z . (2.10)
This can equivalently be thought of as
ds3, — e*dsiy e? = e %, (2.11)

Given any solution, (2.10) can be used to generate another solution with smaller cur-
vature and smaller string coupling e?, without changing Fi. Thus we can get paramet-
rically good perturbative control over any solution. (Taking into account higher order
corrections, one expects this modulus to be lifted; see section 2.6.)

Unfortunately we have not found analytic solutions to this system of ODEs, but in
the following we will see that one can straightforwardly find numerical solutions. Before

proceeding we record one further way of writing the equations of motion:

1
AW = —Z€2¢F()2 +e W,

- (2.12)
App = 5A;W —5e 2V = —162¢F02 ,
with Ay a modified Laplacian
Ay = —e IV (eray) : f=8W —2¢. (2.13)

The covariant derivatives are computed with respect to the purely two-dimensional

62
metric dsy, .



2.3 Domain Wall Conditions

We now consider what happens near sources. Since only Fy # 0, we restrict our at-
tention to D8-branes and O8-planes. Fortunately the singularities that these objects
induce in the fields are relatively mild and we can treat them using simple distributional
derivatives.

A first subtlety is that the process of elimination we performed in section 2.2 does
not quite work in the same way; this is basically because Fj is not constant, and its

derivative generates additional ds. An alternative presentation of the system is then

1 ' / / -
SFReWH = L (g awy 4 (oW + 2 (W 4 (¢)") — 2, (2.14a)

8
1 /
4672W+¢ (Fye? + eV k1 (2 — 20)) = W' + W’% +e (2.14b)
W = 9= (2.14¢)
«
5 /
B Zefzww (F2e? + eV k2rd (2 — 2)) = ¢ + ey (2.14d)
(8

Finally, the Bianchi identity for Fj tells us that it jumps at brane sources according to
dFy = —k*76(2 — 20) . (2.15)

The presence of localized sources in (2.14) makes it clear that the functions defining
the solution are no longer smooth. Instead, we assume that the variables are contin-
uous but not differentiable: in a distributional (or weak) sense, their first derivatives
are discontinuous, and their second derivatives have some ¢ terms. For example, the
function |z — zo| has a weak first derivative 0,|z — z| = sign(z — zo), and a weak second
derivative 92|z — z| = d.sign(z — zy) = 26(z — ).

Let us examine the behavior of the variables at a source locus z = zy (where the
first derivatives are discontinuous). The discontinuity in the first derivative can be

determined by integrating (2.14) on an infinitesimal interval around z,. We obtain:

1
VAW = 1/37', V0N = ZKQT, Ad =0, (2.16a)
/
Fy=—eV¢ <¢’ — W+ 3) : (2.16b)
a

All quantities which are not under the variation sign A are to be understood as evaluated
on the left of the object, i.e. for z — (2)~. (We have used A(F}) = 2FAFy + (AF)?)
Meanwhile, using (A.2),(A.3) and (2.15), in string units Iy = 1,

1 A
- I{2T = ——(an - 8n08) AFQ no s (217)
2T o



where nog € {0, 1}.

For example, we can apply this to an O8-plane (possibly with npg < 8 D8-branes
on top). By definition of O8, the solution has an involution relating the left and right
sides of the O8-plane. Then we have for example AFy = —2F,, where Fj is the value
of the Romans mass on the left side. (2.16) then become

5
2" 7%¢ |0 = —10€" W0 = ZKQTa a'los =0, (2.18)
where again all quantities are evaluated on the left side z < zpg of the O8; k%7 is given

by (2.17) (with nog = 1). Using (2.18) in (2.14a) we get
AemWlos =0, (2.19)

where in the above we have restored the cosmological constant A.
To verify that these discontinuities indeed describe an O8-plane we should check

that locally our metric behaves like that of an O8-plane in flat space:
ds?y ~ H V2 (—da? + da? + ... da?) + H?da? (2.20)

where H = a + b|zy| for some a > 0 and b = %= (8 — npg). Comparing with (2.3) we see
H = eV, so we deduce from (2.19) that we can only have O8-planes for which a = 0.
In this case, the string coupling e® ~ g,H~%* diverges. (By contrast in flat space A
vanishes and (2.19) does not constrain the warp factor.)

This result is not entirely surprising: in most AdS solutions in other dimensions,
the O8-planes that appear have a diverging dilaton (see for example [21,22]).

In a region where the dilaton diverges, however, the logic that took us to (2.16)
should be reexamined. At a formal level, we cannot really use the weak second derivative
02|z — 29| = 20(z — 2p), since the functions diverge rather than just having an angular
point. Various formal manipulations can be attempted; one is for example to change
variables to ones that still have an angular point, such as H; = e*" and H, = e3¢,
This takes us back to (2.16); other changes of variables however might take us to impose
(2.16) even at subleading orders in |z — zp|. Most importantly, however, while in this
paper we use supergravity as a tool, we are ultimately interested in finding solutions
that are valid in fully-fledged string theory. In the region where the dilaton diverges, the
supergravity equations of motion are no longer valid, and strictly speaking we cannot
use the logic leading to (2.16) at all. (We can use (2.10) to make this strongly-coupled
region as small as we like, but we can never eliminate it completely.) In spite of this, we
will still use (2.16) as a domain-wall condition even if the dilaton diverges, given that
it reproduces the same leading-order behavior as an O8 in flat space. We will return to

this point in section 2.6.



2.4 Perturbative Solutions

We will now study the equations of motion in a power-series approach.
First we look for a solution for which the circle with coordinate 6 shrinks at some
point, so that the space is regular (non-singular) around it. Without loss of generality,

we can take this point to be at z = 0. Regularity then means that
A =2+0(Y, W=Wo+0(zY, ¢=¢o+0(?). (2.21)

The behavior of e* is so that the internal metric in (2.3) behaves as ds?, ~ dz2+22d6? +
..., which is the R? metric when the periodicity A0 = 27. (In particular this fixes the
freedom in shifts of A mentioned below (2.5)) The absence of linear terms in W and ¢
is so that they are at least C?, since z is a radial coordinate. Solving the equation of

motion (2.9) assuming (2.21) leads to

W :log (c1) N 22 (Ee  FE — 4) N 24 (R FE (cke  FE + 6) — 20) N

2 162 1284
6 (c2ei F2 (30cicAF + 99c2c FE + 1142) — 3072
+Z (coer Fy (30cpei Fy ;30482? ot ) )+O(z7) ’ (2.22a)
1
b —1log (co) + S5RAFE2:  BAERZ (cReiFE +4)
0 16¢; 128¢3
27026 (2042 1 2. 12
cgFy2° (30cyci Fiy + 99¢cger Fg + 598) .
O 2.22b
* 16085 O (2.220)
4 2.3
iz 3ciz 9 & 9 2 7
= — — F — O . 2.22
a 2 % +802 a k) +c§ +0 (=) (2.22¢)

The results depend on two real parameters cg, c;.

In fact, imposing that « has the form in (2.21) already implies the other two con-
ditions there, namely that W’ and ¢’ vanish at z = 0. Our system (2.9) consists of
two second-order equations and one first-order equations; so at a generic point one ex-
pects five parameters to determine the initial conditions. One might then expect that
imposing two conditions should result in a local solution with three free parameters.
To see why we instead only have two free parameters in (2.22), notice that (2.9b) near
z = 0 has the form o(W” + ...) = W'd/, and so setting a = 0 implies W’ = 0 automat-
ically; this fixes one extra parameter. This phenomenon can also be understood in the
framework of quasi-linear systems of ODEs, namely systems of the form M (q)q" = v(q),
where ¢ is a vector of variables, and M and v are a matrix and vector which can be
taken to depend on g nonlinearly. Our system can be cast in this form in terms of the

three variables «, ¢, W and their first derivatives; it becomes a point-dependent vector

10



field on the five-dimensional space Mj defined by the first-order equation (2.9a). At a

~Ly(q) is determined;

generic point on Ms, the matrix M (q) is invertible and ¢’ = M (q)
at special loci where M(q) is non-invertible, however, the system will have no solution
unless we impose v(q) to be in the image of M (q), and this fixes more parameters than
one originally intended.

Another local behavior that will be interesting for us is that around an O8 (with

nps D8-branes on top). From the discussion around (2.20) we have the local behavior
ANt eW o~ e? ~ it/ t=|z— 2. (2.23)

Moreover, we also note from (2.8) that o goes to a constant.

In a strong coupling region the supergravity equations of motion are not physically
relevant, as we discussed at the end of the previous subsection. In spite of this, we
can try as an exercise to formally solve the supergravity equations of motion in the
neighborhood of the O8. Identifying the subleading behavior in (2.23) is not immediate:
one has to decide for example if the expansion parameter is ¢ or some fractional power
like t'/4. (A similar problem presented itself for the O6 in [29, (5.8)].) After some

experimentation and some help from numerical results, we obtain
Sait  [(4ai 41
W =22y a; + kel L (ﬂ — —) 2 (2.24a)
N Tlai 434y ', 52a7  517aj 10 (#)
45a3  60as 45a3  360a3 ’

19> 1 [6a® 125
Ty B Lo = (2% 240 2.24b
© o ﬁ+ﬁ+3@ﬁ+ﬁ<@ m) (2:24b)

256a] — 41a,a3 N 6968a; — 10499a2a3

o (tY) ,
12a3t 360a3 +O(r)
3apt?  3agait*  3agaitd  ag (24a3 + 5a3) tb 8
= qn — — O (t 2.24

where ag, a1, as are three real parameters. The O8 domain-wall conditions (2.18)
are automatically satisfied by this solution; remarkably, even the correct coefficient
—K*r = AFy = —2F, is reproduced. This means that the bulk supergravity equations

already know about the correct O8 tension, even without imposing supersymmetry.

2.5 Numerics

We can now use the perturbative solutions we found as a seed for a numerical study.

11



For example, we can start from a regular point. The usual technique is to evaluate
the perturbative solution (2.22) at a small value of z, where it is very reliable, and use
it as an initial condition for a numerical evolution using the system (2.9).

For each value of the initial conditions, there are actually two possible solutions: this
is due to the first-order equation (2.4a), which is quadratic in the first derivatives. The
result of the numerical evolution always results in a singularity for both solutions. But
one of these singularities is exactly (2.23),” the back-reaction of an O8 with diverging
dilaton, possibly with npg < 8 D8-branes on top.

To be more precise, the solution one gets this way is not physical for any choice of
the initial parameters: a fine tuning is required to reproduce the correct local behavior
of ain (2.24¢) (specifically we must reproduce o/ — 0 at the singularity).® The resulting
solutions depend on a single real parameter which can be identified with the modulus
discussed in (2.10) and can be used to make e® and the curvature of this solution

arbitrarily small.

25 50 75 100 125

/
N

Figure 2: A numerical solution with e? (black), W (turquoise), a/aog (orange), with Fy =
—%, npg = 4. At the left endpoint, the solution is regular; at the right endpoint, it behaves
as an O8 with diverging dilaton. (One should imagine a mirror copy of the solution to the
right of the O8; the two halves are identified by the orientifold involution.)

On the other hand, the rest of (2.18) works automatically, given the Bianchi identity,

which from (2.17) in this case reads —2ng = Ang = —(nps — 8). This is a consequence

6Tn fact, it is also possible to push (2.22) to very high order, obtaining results which are virtually
indistinguishable from the numerical solutions.

"The other type of solution has a singularity for which eV ~ t2/11 ¢® ~ t7/11 X ~ t9/11: we cannot
match this to any ITA object, and we thus conclude that it is unphysical and do not consider it further.

8Note from the local behavior (2.24c), that near an O8 both o/ — 0 and o” — 0. However, the
equation of motion (2.14¢) shows that as soon as W diverges o automatically vanishes. Thus only a

one parameter tuning is necessary to achieve the correct local behavior of the OS.

12



of our remark below (2.24), where we noticed that any solution with the correct local
behavior (2.23) already reproduces the correct O8 tension.

Even though we are only showing in figure 2 the solution on the left of an O8, one
should imagine a mirror copy of it to the right of the O8. The two halves are identified
by the orientifold involution.

We can also try to insert some D8-branes which are not on top of the O8. We again
use (2.22) as a starting point. We can place D8-branes at a locus where (2.16b) is

satisfied. For convenience we rewrite this condition as

eW—o

Nng = —27

(a(qﬁ’ - W+ o/)

Z=ZD8 (2.25)

We can stop the evolution at the point z = zpg where the above is satisfied, and we
place npg D8-branes there. We then start the evolution again from this point, with
new initial data obtained by applying (2.16a). The solution we obtain again leads to a
diverging-dilaton O8. As in the case without D8-branes we have to fine tune our initial
conditions at z = 0 so that o/|pg = 0 is satisfied.

From this procedure we can see some restrictions on the number of D8-branes in
our geometry. Specifically, we can show that the initial ng in equation (2.25) cannot be
positive. To verify this, first note that a combination of the equations of motion can be

rewritten as
O (a(¢ —W')) = ae™™W (22" F; +1) > 0. (2.26)

The function a(¢’ — W’) vanishes at a regular point, and hence by the above is ev-
erywhere non-negative. This implies that (2.25) can only be satisfied for positive ng if
o],y < 0. However, as remarked below equation (2.9), the equations of motion imply
that o’ < 0. Thus if o/ is negative, it will continue to decrease, and can never reach its
required value of zero on the OS.

Let us combine this argument with the Bianchi equation which relates ny to the
number npg of D8-branes away from the O8, and to the number fipg of (half-)D8-branes
on top of the O8:

TLOZHD8+%—4<O. (227)

We conclude that there is an upper bound on the total number of D8-branes we can
place in our solution.

In principle, this process can be repeated to obtain solutions with several stacks of
D8-branes. In figure 3 we show an example with a single stack of D8-branes and a
diverging-dilaton O8 to its right. The D8 stack manifests itself as the angular point in

the functions, where they are continuous but their derivatives change.
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Figure 3: A numerical solution with a single stack of three D8-branes, to the left of a

diverging-dilaton O8. The values of the Romans mass are Fp = 52, with ng = (—1,—4). To
illustrate the kink we have plotted a (orange), eV (turquoise) and e? (black).

One might also try to consider anti-D8-branes. An anti-D8 has the opposite charge
of a D8 but the same tension and thus are not just obtained by considering a negative
nps above. Taking this into account one sees that the left-hand side of (2.25) changes
sign; one now concludes that ng on the left is positive, rather than negative as in (2.27).
This would require a sufficient number of half-D8-branes on top of the O8 so that the
total O8-D8 system has positive tension. This is in contradiction with what we can

have in the solution, and we conclude that anti-D&8s are forbidden.

2.6 Higher-Derivative Corrections

As mentioned around equation (2.11), a general feature of all our solutions is that they
come in one-parameter families obtained by acting on any solution with the transfor-

mation:
dsiy — e*ds?,,  e® — e %, (2.28)

Scaling to large ¢, the solutions become weakly curved and have small string coupling
e®. Although the rescaling modulus (2.28) is classically a flat direction, it is natural to
expect that quantum corrections to the IIA string theory effective action will lift this
mode. This is especially true given that our solution is non-supersymmetric and hence
there is no symmetry reason for a flat modulus to persist.

This issue is related to the fact that near the O8 the string coupling diverges. As
we mentioned at the end of section 2.3, in this region the supergravity equations of
motion are superseded by the unknown equations of motion of string theory. While we

have no access to those equations, our solution resembles at leading order in |z — 2
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the O8 solution in flat space, which should exist in string theory, given its fundamental
definition in terms of open strings. This gives us good hope that our solution also
exists in full string theory. However, the equations of motion of full string theory are
not invariant under (2.28); presumably, then, the solution should only be valid for one
particular value of c.

In spite of these difficulties, we could try to proceed as follows. One approach
to these corrections is to evaluate the higher derivative terms on a given family of
solutions and thereby view them as a generating an effective potential for the mode c.
This method is reliable in the regime of large ¢ where the corrections are small, and
leads to a qualitative picture analogous to that discussed in [24]. For instance, the
leading order corrections to the ITA effective action are tree level in the string coupling

and begin with R? (see e.g. [30,31] for a recent summary).” Schematically

1
nge ~ /leLE\/glo 672¢ (tgtg + §€10€10> R4 + - y (229)

where above the terms tgts and €610 indicate particular index contractions of the
Riemann tensor, and - - - include for instance terms with derivatives of the dilaton. The
parametric dependence of (2.29) on the modulus ¢ is easy to fix based on scaling and is
simply e*¢. Similarly, at next order there are one-loop R* as well as tree level R® terms,
which scale as e%.

To deduce the effective potential we rewrite these corrections in the eight-dimensional

effective action in the form
Seffective ~ /de\/% (R - V(C)) ) (230)

and hence from our qualitative discussion above we have (restoring the cosmological
constant)
V(e)=A+Ae* 4+ Be %4 ... (2.31)

There are several essential challenges to making this approach quantitatively reliable
even in the regime of large c¢. The first is a question of practice: although much work has
been done on higher derivative corrections to supergravity, the complete form of even the
leading order corrections including all relevant terms is not explicitly known. A second
challenge is one of principle. The coefficients A and B in the potential above should
be determined by evaluating the various curvatures on our compactification manifold.

However, all our solutions have O8 sources near which the curvatures diverge. In

9There are also higher derivative corrections to the brane worldvolume actions that we neglect in

our qualitative discussion below.
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principle this means that the higher order terms in the effective action become relevant.
As we discussed above, the fact that the O8 is an exact solution of string theory suggests
that this is not a fundamental challenge; but it does make it difficult to treat the higher

derivative corrections systematically.

2.7 Stability

As we anticipated in the introduction, it is natural to wonder about the stability of our
solutions. We will first consider the solutions with the O8-plane only, and then consider
solutions with D8-branes at the end of the subsection.

In general there are two possible types of instabilities: perturbative and non-pertur-
bative. The first can be assessed with a Kaluza—Klein reduction around the solution,
which we will present elsewhere [28]. The second occurs when a tunneling event at a
point in spacetime takes the fields to a different vacuum; this generates a bubble which
can then expand and reach the boundary of AdS in finite time.

A first type of bubble that one can consider is a D-brane domain wall. For an
AdSy x Miy_4 compactification, this would be a Dp-brane wrapping an R x S92 C
AdS, (with the R direction being time) and a (p — d + 2)-submanifold C Mjy_4. Given
that the RR flux jumps across a brane, the vacua inside and outside will not be the same:
the brane represents a domain wall connecting two different vacua. Assuming such a
brane is created by a quantum effect, we can wonder whether the S%2 will expand or
collapse. The D-brane action contains a gravitational DBI term, which will make the
brane collapse, and a coupling to the RR fields, which in general will want to make it
expand (much like an electron-positron pair in an electric field, in the Schwinger effect).
In supersymmetric compactifications, these two can exactly cancel each other, in which
case the brane represents a BPS domain wall. In non-supersymmetric compactifica-
tions, one of the two terms will dominate. A natural extension of the weak-gravity
conjecture [32] suggests that there is always a brane for which the gravitational term
is weaker, which will make it expand [25].'° This would make one conclude that all
non-supersymmetric AdS vacua are unstable.

In our case, such a brane would wrap a R x S € AdSg. There are thus only two

options: a D6-brane which is a point in the internal M, and a D8-brane wrapping all

OFor an illustration of this mechanism, see for example the non-supersymmetric AdS, vacua in [27,
Sec. 4.1]. For those vacua, the computation in section 4.1.2 there shows that D2-branes wrapping
R x S? c AdS, always expand until they force Fy = 0, which takes us back to the supersymmetric

case.
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of the internal M,. (More generally one could consider D8/D6-bound states, but the
discussion for these is the same as for a pure D8-brane.)

A D6-brane couples in fact to Fy; but this flux is just absent in our solution, and
thus the coupling to the RR term is just absent. Only the DBI gravitational term is
present, which will make such a bubble collapse, if it is created.

We next consider a D8-brane. Here we find a more fundamental problem: such a
D8 would intersect transversely the O8-plane already present in the solution; this is not
possible. To see why, call p the radial direction of AdSg (in global coordinates), and say
the D8 is at p = pg; the O8 in our solution is of course extended along all of AdSg, and
sits at z = zp. (While in figure 2 we have depicted only z < zj, recall that in fact there
is also a region z > zy, where the graph of the functions would just be a mirror image
of those for z < z5.) In our original vacuum, which would exist outside the bubble,
p > po, Fo has values

Fy— ~ { oo 2= (2.32)

2t | —ng 2> 2,

because the O8 reverses the sign of Fy. After crossing the D8 into the p < py region,
Iy should change by one unit, going to

Fy

? 1{ ngo+1 z2<z, (2.33)

:% —ng+1 2z2>z.

But this configuration would not be consistent with the O8 action Fy — —Fjy. Thus a
D8-brane bubble cannot in fact exist, and cannot destabilize our solution.'!

After all this discussion, it is perhaps also worth remarking that there are no su-
persymmetric solutions that our solutions can decay to (unlike for the AdS4 solutions
of [27, Sec. 4.1]). Thus it is only natural that there are no decay channels.

One last possibility would be a “bubble of nothing”. This was shown to exist for
non-supersymmetric Minkowskiy x S? in [35]. In that case, the surface of the bubble is
a locus where the internal S! shrinks smoothly. One might imagine something like this
in our case, but our S? is not round and thus cannot shrink smoothly on a locus inside
AdSg. One might imagine a configuration where the S? has the shape required by our
vacuum at infinity, but becomes round on an interior locus. That seems unlikely to us,

in particular because of the presence of the O8 at the equator.

1A D8-antiD8 pair would not have such a problem; moreover, the O8 projection removes the tachyon
on this system and makes it stable. This stable non-BPS brane is T-dual to the seven-brane in [33,
(3.1)]) and plays a role in [34]. However, it does not change Fy and thus does not destabilize our

solution.
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We now consider the solutions where D8-branes are also present. When there is a
stack of D8-branes away from the O8, as in figures 1b and 3, one can ask whether they
are unstable against small uniform perturbations in their z position in either direction.
Let us investigate this in a probe approximation. The low-energy action has two terms:
a DBI term [ d°ze~?,/—g, which generalizes the gravitational potential of a particle,
and a WZ term [ Cy, which gives the interaction with Fy = %Fj = dCy. For a D8 in
the background of a stack of other D8-branes in flat space, the gravitational attraction
would exactly balance everywhere with the repulsion given by the presence of Fj.

Our curved space solution is more complicated; the gravitational attraction and the
Fy repulsion do not exactly balance everywhere. In fact, the sum of the two forces is
proportional to Fy + eV =% (¢’ - W'+ %) and D8 branes can only be placed at loci
where this force vanishes. Looking back at (2.16b), we see that this is exactly the
condition we used to decide where to place our D8 stack. However, the force becomes
non-zero away from the D8 stack; we find that it is positive for z > 2pg and negative
for z < zpg, meaning that the D8s in the stack are in unstable equilibrium. In other
words, when we move one of the D8s to the right of the stack, they are repelled by the
gravitational potential of the O8, but the coupling to Fy gives a stronger force which
pushes them towards the O8. On the other hand, if we move one of the D8s to the left
of the stack, the Fy force is weaker than the gravitational repulsion of the O8, and the
D8 slips off towards the regular point.

There is no such instability for D8-branes on top of the O8-plane. In that case, the
gravitational and Fj force balance on the O8, and away from it are arranged so that

they lead to stable equilibrium.'?

3 O8-D8 AdS, Solutions

In this section, we will generalize the O8-D8 solutions of section 2 to arbitrary AdSy x
Mio_q4 spacetimes. This results in a simple class of non-supersymmetric AdSy solutions
supported only by Fy. The compactification manifold M;q_4 will be topologically a
sphere S197¢ with SO(10-d) isometry. Parallel to our earlier AdSg examples, there is a
Zs involution and an O8-plane at its fixed point.

Explicitly, for the manifold M;q_q, we consider a fibration of a round sphere S%~¢
(whose radius is defined by R,,, = pgmn) over an interval identified by the coordinate

z. We will later use regularity to fix the radius to one. We again work in the gauge

12Tn the full KK analysis, the open-string D8 degrees of freedom might interact with the supergravity

fluctuations.
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(2.6), where our ansatz for the metric now reads
dsiy = e?Vdsias, + e 2" (d2* + e ds%o-a) . (3.1)

The equations of motions with 9-dimensional sources orthogonal to the coordinate

z now read:

/ 2 oda1 4
0=8=(¢+ (4 — )W) +2(d — 8)@ +(d—9) <F§e< T2 4 9! 3+—396)W> +
o a
+8(¢) —8(d + L)W'¢ +8(3d —2) (W')* +2(d — 9P paie v (3.2a)
/
0= Fje** — 4 — 42V <W” - 3W’> + ox* eV T (3.2b)
a
0=(9- d)pad%9+le4(3dvzg¢) — ey — a(d+ 1)6% , (3.2¢)
_ / "
0= (9 - d)(pa%e% —+ e%) + e4(‘1(1:19)‘/‘/ ((1OW _ 2¢)// + (10W o 2¢)/2 . Oé_) :
a o«
(3.2d)
where we introduced
o = (9= DA=2¢+2(d—H)W ’ (3.3)

which has the property that its derivative does not jump across the brane sources,
generalizing (2.8).

The first-order equation (3.2a) expresses the expected constraints in gravitational
theories, generalizing (2.5). (3.2) are again invariant under the rescaling (2.10). (We
also have the possibility of rescaling A\ — X + 2¢, p — pe*®; this however is just a
redefinition, and does not change the solution.)

We can start analyzing the properties of the equations by looking at the behavior
across the sources. Doing so we get the same conditions as in (2.16).

After taking care of the behavior near the sources, we can now eliminate one of the
second order equations, say (3.2d), and use the remaining system to look for regular
solutions.

Imposing the conditions for regularity as in (2.21), but without fixing the first-order

coefficient of e, we get for d < 8 the perturbative solution

2 10—d 9—d
o DFye Yo

2a¢ _ 4 4
e9—d 01+Z4(d2—19d—|—90)+0(z)7 (3. a)
2y 1 9 (Fozc?’dcg’d — 4057’%) 4

-V = — O 3.4b

¢ o e marae o) (3.4D)

aﬁ _ z2 pcgf2d o Z4 pclid72cé7i4d (C?(d - S)Fgcg - 603(61 - 2)651) + O (2’6)

c3(8 —d) 6(d — 10)(d —9)(d — 8) ’
(3.4¢)
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(As in the d = 8 case, this expansion can be pushed to high order, but given all the
free parameters we have at this point the expressions become quite cumbersome very
quickly.)

On this solution, e** behaves as:

2\ 2 P 4

= O . 3.5
e z S_d + (Z ) (3.5)
In order to have a regular space, we fix the value of p such that the sphere S°~¢ has
radius one:

p=8—d. (3.6)

This choice fixes the linear coefficient in the expansion of e* to be 1.

The local regular solution above again depends on two real parameters, ¢y and c;.
As in our previous analysis we can now numerically evolve along z. By tuning the
initial conditions we again find an O8 singularity. This leaves us with a one-parameter
family of solutions related by the modulus (2.11). This construction is possible in all
2 < d < 8 resulting in solutions qualitatively similar to those described in section 2 in

all spacetime dimensions.
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A Equations of Motion

In this appendix we summarize the equations of motion of type II string theory.

The bosonic closed-string field content consists of a metric gy, a dilaton ¢, a two-
form B field with three-form field strength H, as well as Ramond-Ramond fields C,_4
with field-strengths F},, with p even. We work with a complete set of field strengths

and impose the duality relations at the same time as the equations of motion.
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The equations of motion then read

1 1
R+4V2p — 4 (V) — 5|H\2 = §T/£26¢+W(5, (A.la)
1 1 1
e <RMN + 2V Vo — §\H\§MN) - > By = ZTHQ{MW (gun — 21 yn) 6,
p>1
(A.1Db)
1
d(e % « H) + 3 > FpaAxF, =0, (A.1lc)
p>2
dF, + H A F, o = —K*76, (A.1d)
«F, + (=1)PPV2p, =0, (A.le)
We have collected the source terms on the right.
K= (2m)7(1,)® (A.2)

denotes Newton’s constant. 7 denotes the total source’s tension; it is the sum 7 =
(nppTDp — 8N0p)Top, Where
1

= g =Yy (A3)

TDp

are the D-brane and O-plane tensions; ng, € {0,1}. (In the main text we work in string
units I, = 1.) § is locally of the form II!°_ . 6(z™)dz™; the projector IT is defined by

m=p+1
HMN = Ea68a$Pagl’QgMpgNQ, (A4)
where o, 8 =0, ..., p denote brane indices, Eyy = gun + By, its pull-back E,z =

8aa:M6,3xNEMN, and its inverse is F*P.

B Other Cases

We will now look for AdSg solutions in other setups. In section B.1 we will analyze the
case Fy # 0, Fy = 0, and show that within our cohomogeneity-one ansatz there are no
physical solutions. In section B.2 we will look at IIB, where the only solutions we found

are of dubious physical significance.

B.1 1IIA, F; #0, Fy = 0: no solutions

We will now look at the other branch of (2.2), namely F» # 0, Fy = 0, again using the

cohomogeneity-one ansatz, where the metric reads (2.7), with W and the dilaton ¢ only
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depending on z. An important difference with section 2 is that now we have no natural
candidates for sources from string theory. Indeed F, should be sourced by D6-branes,
which cannot be introduced in our system without breaking the isometries of AdSs.

We can parameterize

The equation of motion d * Fy = 0 gives, recalling
o fo = 0.(e"™" P f2) = 0 = fo=e 1A foy. (B.2)

(The first condition is in fact part of the cohomogeneity-one ansatz.)
We perform now the same manipulations as in the Fy # 0 case, taking again ) = W.

We end up with the system

1 / /
0= 2 fae®@™ W) 4 W (22W’ —9¢' — 43) +¢' <¢’ + 3) 2", (B.3a)
« «
0= 1 2 62(¢5—9W) . W// o W/gl . 6_4W (B ?)b)
— 2720 ; .
4 o
1 _ a _
0= B S0e” @) — o 9e~ 1. (B.3¢)

To make the solutions compact, one possibility is to make the circle paramerized by
6 shrink at two points, leading to an S? topology. The second possibility is a periodic
solution, where z would be identified to itself up to a translation, leading to a 7%
topology.

We begin with the first possibility. The starting point is to look perturbatively for

regular solutions, which we again impose by (2.21). We get

log(cr) | »(cof3 —4cl) 4 (=44cfeif3o + 5ehfon + 60

W= - O(:%) (B4
2 7 16¢7 : 38418 +0(z")  (B.4a)
3c3 13 (—36¢2cT f2 + 5t f)
—1 29C0J20 4 0€1J30 0/20) | )(,6 Bl
¢ = log(co) + 2 167 & 128¢18 +0(z7), ( )
4 7 2 2 2 9 4
i 3(=18cf + f360) 1 5 (18f5  2c5fy . 27 -
—a - Z)+oE). (B4
“ zc% T 12¢3¢3 * 120° 7 cl + 2 +0(z") (B.4c)

We can again use this as a starting point for a numerical study, and as before we always
evolve to singularities. However, unlike in section 2, we cannot interpret these as the
back-reaction of some physical object. (Again there are two branches of solutions. One
goes as in footnote 7; the other behaves as eV ~ t73/8 ¢? ~ t721/8 X ~ ¢75/4)) This
is ultimately because of our observation at the beginning of this subsection, that there

are no natural candidates. So the possibility of solutions with S? topology fails.
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This leaves us to consider periodic solutions, with T2 topology. To exclude such
solutions we observe that by taking derivatives of the first-order equation (B.3a) with

the others in (B.3), we can find a combination that reads

0.(¢fa) = Jac B (B.5)

This equation says that ¢’« is monotonous; so the solution cannot be periodic.

B.2 IIB

We will now turn to IIB. We will again use the cohomogeneity-one ansatz (2.7). Again
everything depends on the coordinate z only. The only possible flux is now Fj, a one-
form on Ms. (A.1d) tells us that it should be locally closed. The only possible source
for it is an O7 or a D7 filling completely eight-dimensional spacetime, and localized in
the internal M,. Since we are taking dy to be an isometry, this should be at a locus
where the circle shrinks.

From the 26 component of (A.1b) we now get
FIGFIZ =0. (B6)

A D7 or an O7 at z = zg would source Fig, since f F = f df Fy measures the object’s
charge. So we choose Fi, = 0.
We can now compute the system of ODEs. Defining v as in (2.8), after some

manipulations we end up with the system

2 /
L1020 (WY 4 ()2 — OWS o+ 22() — 27 (B.7)
(67 (67
F
ﬁeu)w-w — (W) 4 e (B.7b)
€4W — _ 9% ) (B7C)

Again we observe that o’ < 0 excluding periodic solutions. The full system is invariant

under the rescalings
W —=We, ¢—d—cy, A= A+2c3, Flg— T 2ap,  » 5%y (B.S8)

From the system (B.7), we can derive a monotonicity equation:

9. (¢a) = elGW_%’F—Ee > (B.9)
z = o = .
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Using the above we can exclude regular solutions in IIB. Indeed, at a regular point,
both ¢’ and « vanish, and hence so the left-hand side of (B.9) also vanishes. However,
if W and ¢ remain finite, the right-hand side diverges at that point, and the equation
cannot be satisfied.

That leaves us one last possibility: that the solution has two sources at two values of
z. We can for example expand around an O7-plane. This is subtler than the O8-planes

we discussed in section 2. The metric for a D7-brane or O7-plane in flat space reads:
ds?y = HV?(—da? + da? + ... da2) + H'*(da? + dz?), (B.10)

which is similar to (2.20), but now with H ~ a + blog(«3 4+ #3), with b = —%=: the

string coupling is e? = g,H ! and n = npy — 4nor (nor € {0,1}) is the D7-charge of

n= /F1 — /dGFw. (B.11)

We recover this solution by solving the analogue of (B.7) for vanishing cosmological

the object, also measured by

constant A with

F F2
H=e" =cy—cilog(2), e ¢ = i—laH, a = —1292

B.12
o 2 (B.12)

for which e* = z and we can identify dz? + 22d0* = dx? + dx3.

If n > 0, so that the object has positive total tension, there is an excluded region
for large enough dz2 + dx2, where the metric doesn’t make sense; if n < 0 and negative
total tension, the excluded region is at small 22 + z2. The boundary of this region is
z3+ai=1fora=0.

The strange behavior at small distance is in fact cured by non-perturbative physics,

as can be found using F-theory [36] (see for example [37, Sec. 3] for a review):

H=e¢? Xa(/zz':) (B.13)

where e? is determined by 7 = Cjy + ie~% and by inverting j(7) = %(24]0)3; j is the
modular invariant function of the fundamental region under SL(2,Z), A = 27¢* + 4f3
is the discriminant, f and g are the functions of 7 defined by the Weierstrass equation
y? = 2% + fo + g for a torus of modular parameter 7. Finally, 7 is a holomorphic
function of u = g + izg. A D7-brane is realized by j(7(u)) = . An OT7-plane turns
out to be [38] a bound state of two SL(2,Z) duals of D7-branes; the excluded region is

now no longer present.
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Within supergravity, however, we can only use the description (B.10). We cannot
expand around the center xg = x9 = 0, where the metric does not make sense, but we can
expand around the boundary of the excluded region. (There are by now many examples
where a local metric has been successfully identified with an O-plane by comparing its
behavior near the excluded region; for example, AdS; solutions include O6-planes [5],

and holography works well in their presence [39].) In this spirit we impose

e Wt e ~t, a ~ const. , t=|z— 2. (B.14)

One can indeed find a perturbative solution with this behavior. The first orders of this

expansion are

b _ aph3t 5 (—12a1h3pa Flg + 2003 FE + 21a7hi)

= 24t o (t* B.15
Fw + 2 + 960&0h%F19 + ( ) ’ ( a)
h? — 2p9F1p) (9a3h] — 4p3F2)
—AW _ g, t—t2(a1 1 21471 43 1’ 21410 O (#* B.15b
‘ ! Hagh) ooz o) (B-15b)
3 3o F: 9o h
o= g+ Oélt — 5060}11753 — t4 ( 22]1110 + 116 1) + O (t5) . (B15C)

(Again the expansion can be pushed to high orders; see footnote 6.) By choosing some
value for the free parameters and starting the numerical evolution, we get two kinds
of numerical solutions. In one case we have a non-physical divergence. In the other
case, the solution is attracted back to an endpoint with the behavior (B.14). This looks
like another O7-plane on the other side; but Gauss’s law implies that it has in fact
negative tension and positive charge. While such an “anti-orientifold” does exist, it is

not entirely clear that it makes sense to combine it with an ordinary one.
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