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1 Introduction

An elegant mechanism for breaking supersymmetry in flux backgrounds involves the ad-

dition of Dp branes that are not mutually BPS with the fluxes [1, 2], from here onwards

referred to as ‘anti-branes’. The SUSY breaking scale can be tuned small in case the

space-time contains a region of large warping at the position of the anti-brane. This occurs

dynamically since the anti-brane minimizes its energy in that region. String compactifica-

tions of type IIB string theory can naturally contain throat regions of high warping [3, 4]

and therefore anti-branes became an essential ingredient for de Sitter model building [5]

and inflation model building [6, 7] in string theory.

As always, once SUSY is broken, one needs to be cautious when it comes to the meta-

stability of the vacuum. There exist various decay channels towards the SUSY vacuum and

each of them need to be classically forbidden in order to claim a meta-stable vacuum. In a

compactified model the stability with respect to the compactification moduli was verified

for a simple toy model in [5]. But the more subtle stability is in the open string sector

where brane-flux annihilation can take place [2]. In short, brane-flux annihilation is the

process in which fluxes can materialise into actual branes that consequently annihilate with

the anti-branes in the throat. This is possible from the point of view of charge conservation

because the fluxes carry brane charges themselves. For instance for the case we study in
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this paper we have 3-form fluxes F3 and H3 that source the 5-form field strength as a

smooth charge density

dF5 = H3 ∧ F3 + δε6 , (1.1)

whereas the delta function symbolises a localised 3-brane source (ε6 is the volume element

on the internal manifold). Whenever the δ source term has an opposite orientation with

respect to the term involving the 3-form fluxes, SUSY is broken since there are two charge

densities of opposite sign coexisting.1 This would be perturbatively unstable in case both

charge densities were consistent of brane sources. But as one term now consists of fluxes one

can create a meta-stable state because a non-perturbative effect is required that materializes

branes out of the flux densities, for an annihilation to occur. More precisely, it was verified

in [2] that in the non-compact Klebanov-Strassler (KS) throat the anti-D3 branes have a

classical barrier against brane-flux annihilation if their charge is small enough with respect

to the background flux and if it can be treated as a probe. The latter two assumptions

naturally fit together. In compactified models the situation can be different, but the main

feature of meta-stability is expected to survive [9, 10].

Despite the naturalness and elegance of this idea there are possible caveats to this

mechanism. The problematic assumption is the validity of the probe computation as carried

out in [2]. Brane-flux annihilation proceeds via the Myers effect [11] in which the anti-D3

brane puffs into a spherical NS5-brane. This can be analysed from the point of view of the

non-Abelian anti-D3 action or the Abelian NS5 action. Both actions are probe actions.

But in the probe limit one sends the anti-D3 charge to zero and one looses control over

the supergravity approximation since the size of the NS5 sphere becomes of stringy scale.

Secondly, the NS5-branes are strongly coupled and it is not clear whether the classical

action can be trusted. So it is difficult to make it fully sound that the probe computation

as such is valid.

In this paper we want to highlight a further problem, already pointed out in [12], that

comes to live when one takes into account the back-reaction of the anti-branes. It was

first discussed in [7] that the back-reaction causes a denser 3-form flux near the anti-D3

branes. This is simple to understand. Just like a cloud of 3-branes, a cloud of 3-form fluxes

feels a gravitational attraction towards the brane and when the fluxes have the opposite

orientation to the 3-brane charge density, the RR forces do not cancel that attraction but

instead also pull the fluxes towards the anti-branes. This is depicted pictorially in figure 1

(taken from [12]).

The effect of this flux clumping can easily be predicted intuitively. The larger the flux

pile-up the higher the probability for the flux to annihilate with the anti-brane. This is

very similar to the (thought) experiment in which a positron is dropped into a grid or gas

of electrons [12]. The higher the electron density the more likely the wave-functions of the

positron and electron will overlap to cause annihilation. The back-reaction of the positron

only makes things worse by locally creating an increased density of electrons. It is the aim

of this paper to provide the equations that back-up this intuition, thereby elaborating on

the results in [12].

1This is not strictly true when the vacuum is AdS. See for instance [8].
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Figure 1. The clumping of positively charged fluxes near a negatively charged anti-brane. The

blue region corresponds to the flux density and the darker the blue the higher the density. The red

dot represents the anti-brane.

The flux clumping effect therefore tightens any bound on stability derived in the probe

limit. The essential question is then whether a vacuum exists at all. For that one needs to

compute the flux-clumping and there is by now quite some literature2 on the supergravity

solutions that describe back-reacting anti-branes in flux throats, which was initiated by [13]

and [14]. To cut a long story short, it is now well-established that the supergravity solutions

have a diverging flux density near the anti-brane that in some cases (like the anti-D3 brane

in KS) is still integrable. This can be shown to occur in any background, compact or

not [20, 29].

At first sight this singular flux is then a killer, but as with all singularities it requires

some care to understand them. Roughly speaking singularities can mean two things: 1)

There is some short-distance physics that we forgot to take into account that resolves it

or 2) the background is genuinely sick for some reason. Of the latter situation we have

many examples, such as the negative-mass Schwarzschild solution for instance. It is often

also easy to understand in case 2) why the solution is necessarily ‘sick’. Say one takes

a manifestly unstable situation, such as two oppositely charged black holes at a finite

distance, and one enforces a static Ansatz to solve the equations of motion. Of course the

equations will spit out a solution if you enforce one, but it will contain singularities or

closed timelike curves or something else that unveils its unphysical nature. There are some

reasons to believe we are in situation 2) with the anti-branes. The ‘stringy effects’ that

could cure the anti-D3 singularity can be guessed from the Polchinski-Strassler model [30]

as pointed out in [31]: the singularity should be cloaked by a polarisation proces transverse

to the NS5 polarisation. The resulting solution should be a complicated-looking (p, q) 5-

brane web. However, all gathered evidence is against that [32, 33] and is strengthened by

a solid criterium for admissible singularities in holographic backgrounds [34], which the

anti-brane solutions can be shown not to fulfill [20, 35, 36].

If true this all indicates that the anti-brane decays classically and then there is no static

Ansatz. This also immediately smoothens out the flux divergence as explained in [12].

2See [13–28].
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2 Branes, throats, and flux clumping

We briefly review some properties of the supergravity solutions that describe (anti)-branes

inside throats. To get a handle on the solutions one necessarily has to make simplifications.

At a first level of approximation one ignores the compact manifold in which the throat

geometry should be glued into. As long as one studies questions relating to the local

description this should be fine. At a second level, simplified throat geometries are studied,

such as the Klebanov-Strassler (KS) throat [37]. In the latter example one can find explicit,

numerical anti-brane solutions if the anti-branes are smeared over the S3-tip of the KS

throat [13].

The metric for a ‘p-brane’ throat geometry takes the following form (in Einstein frame)

ds2
10 = e2A(ρ)ds2

p+1 + e2B(ρ)ds2
9−p . (2.1)

The worldvolume metric is Minkowski ds2
p+1 = ηijdx

idxj and the transversal space is a

cone over a base space, Σ8−p, with metric

ds2
9−p = dρ2 + e2C(ρ)

[
gΣ
ijdψ

idψj
]
, (2.2)

where ρ is the radial coordinate and gΣ
ij is Einstein; RΣ

ij = (7− p)gΣ
ij .

An essential ingredient in throat geometries are the fluxes that support them, and for

a p-brane throat geometry we have magnetic F8−p-flux3

F8−p = ?9−pdα , (2.3)

with α a ρ-dependent function. This flux can be interpreted as being sourced by actual

p-branes at the tip of the throat (but this does not need to be the case). Secondly, we have

a combination of 3-form flux H = dB2 and F6−p-flux that describe the fractional D(p+ 2)

branes that have been dissolved into pure fluxes. Hence, these branes carry p-brane charge

as well (since fractional (p+ 2)-branes do) as can be seen from the Bianchi identity

dF8−p = δ9−p +H ∧ F6−p . (2.4)

The delta-function describes the explicit p-brane sources, if any, and the combination

H ∧ F6−p clearly acts as a smooth magnetic source for F8−p. In BPS throats the charges

induced by the delta function and H ∧F6−p are of the same sign, meaning that the (9−p)-
forms δ and H ∧ F6−p have the same orientation. In the latter case the fluxes furthermore

obey a Hodge duality relation [38]

?9−p H3 = e
p+1
4
φF6−p , (2.5)

where the Hodge star ?9−p is taken with respect to the whole metric transversal to the

worldvolume (so including warp factors). When p = 3, this is known as the ISD condi-

tion. In such backgrounds a Dp probe feels no force and when inserted into the throat its

backreaction will not alter the profile of the background fluxes F6−p and H3.

3We could equally well use the electric fieldstrength Fp+2.
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In this paper we care about the opposite situation in which the δ-source orientation is

opposite to that of the fluxes. The H∧F6−p-term dynamically changes over the throat and

its orientation can flip. Hence, to define more precisely what it means to ‘put an anti-brane

down the throat’, we demand that the orientation of the term H ∧F6−p far away from the

tip (the UV) approaches (2.5) and that it is opposite to the delta function at the tip. As

a consequence (2.5) does not hold anymore inside the throat. Instead it has been shown,

regardless of any smearing or symmetry argument, that the H-flux will diverge near the

tip as follows [20, 29]:

e−φH2
3 ∼ e−2A . (2.6)

This is a divergent, but integrable, scalar, since near the brane source e2A approaches

zero. As mentioned earlier, this singularity has been interpreted [19, 38] to be a conse-

quence of ‘flux clumping’ [7]: the gravitational attraction between branes and fluxes is not

counterbalanced anymore with the RR repulsion since the RR forces are also attractive

for anti-brane sources. This interpretation remains somewhat under appreciated in the

literature. We stress that this interpretation is strengthened by the fact that the 3-form

singularity blows up with such an orientation in the form H∧F6−p, that it corresponds to a

pile-up of D3 brane charges dissolved in flux. If the singularity would have a different sign

of H ∧ F6−p, this interpretation would be incorrect and all of its consequences discussed

below, would not hold.

The H-flux always has a part along ?9−pF6−p and it is exactly this part that neces-

sarily becomes singular (the other directions can also blow up) since that part contributes

positively to the charge density in H ∧ F6−p. The coefficient of H along that direction is

then defined to be the flux clumping parameter λ as follows

?9−p H3 = λe
p+1
4
φF6−p , (2.7)

For certain simple throat geometries (e.g. Klebanov-Tseytlin) the only legs of H are along

?F6−p and then the flux clumping parameter can describe the full clumping.

3 Enhanced brane-flux annihilation

The physical picture of brane-flux annihilation suggests that the pile-up of flux near the

anti-brane enhances the annihilation process. In this section we roughly quantify this by

tracing back how the flux-clumping parameter λ enters the stability conditions and decay

rate.4 We present three different viewpoints, as done in the original KPV paper [2]: 1) we

consider the Abelian NS5 worldvolume action, 2) the non-Abelian wordvolume theory of

p anti-D3 branes and 3) the nucleation of bubbles of supersymmetric vacuum in 4d space-

time. The effect of flux-clumping from the NS5 viewpoint was already discussed in [12]

and we recall those results here for completeness.

4The philosophy behind this rough description of the true flux clumping is best argued with an analogy:

to understand whether a candle goes out when put close to the waterline at the beach, one does not need

to compute the complicated shape of the water waves, one simply needs to know whether a wave is coming.
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S2

S3

NS5

D3

Figure 2. The polarisation of the anti-D3 brane into a spherical NS5-brane wrapping a contractible

S2 inside the S3 at the tip.

The approach we follow consists in improving on the probe computations of [2]. In the

probe limit the supergravity solution is pure Klebanov-Strassler. In what follows we need

the near-tip geometry which is given by (in the notation of [2])

ds2 = a2
0ηµνdxµdxν + gsMb20

(
1

2
dr2 + dΩ2

3 + r2dΩ2
2

)
,

F3 = MΩ3 , H3 = gs ?6 F3 ,

C4 = 0 , (3.1)

where

a2
0 =

ε4/3

gsM
, b20 ' 0.93266 , (3.2)

and the normalisation of the volume form Ω3 is such that∫
S3

F3 = 4π2M . (3.3)

We improve on the probe computation by considering the effect of the flux-clumping

parameter λ (2.7). So we will trace back how λ enters the probe computation, since it is

assumed to be equal to one in [2]. In subsection 3.4 we comment on the consistency of

this approach.

Brane-flux decay proceeds through the Myers effect [11] as was found in [2]. Due to

the 3-form fluxes the anti-D3 brane at the tip will polarise into a spherical NS5-brane that

wraps a contractible S2 in the finite-size S3 at the tip, see figure 2. Depending on the

position of this S2 the spherical NS5-brane carries −p units of D3 charge (ie p anti-D3

branes) or M − p units of D3 branes (since p � M we have that M − p > 0): −p D3

charges are induced when the S2 pinches of at the South Pole and M −p units are induced

when it pinches of at the North Pole. This does not violate charge conservation since at

the same time the transition from South to North Pole occurs, the 3-form flux associated

to H3 drops one unit such that the total D3 charge induced by the 3-form fluxes makes

– 6 –
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up the difference. Hence the proper way to interpret the transition from South to North

Pole is the materialisation of M D3 branes out of the 3-form fluxes. Subsequently those

M D3 branes find the p anti-D3 branes after which M − p D3 branes are left over. This

end stage is the (mesonic branch of) SUSY vacuum, ie, the KS geometry with mobile D3

branes. The process that makes one unit of H3-flux drop is bubble nucleation a la Brown-

Teitelboim [39], which is nothing but a stringy generalisation of the Schwinger effect. The

bubble is then a different spherical NS5-brane that has one co-dimension inside the external

space and it wraps the entire S3. However the two NS5-branes, the one wrapping an S2

inside S3 and the one wrapping the whole S3 can be thought of as the two ways to view

the same process of brane-flux decay. Effectively the NS5-brane that wraps the S2 can be

seen as a stringy resolution of the thin wall of the bubble. The figure in subsection 3.3

illustrates this and more comments can be found there.

3.1 The NS5 point of view

We now compute the potential energy of a spherical NS5-brane wrapping the contractible

S2 inside the S3 at the tip of the KS throat. This potential tells us about the dynamics

of the NS5 motion. A meta-stable state would imply that the NS5-brane does not get

pushed immediately to the North Pole but that there is a classical barrier for this. The

force on the NS5-brane towards the North Pole is due to the 3-form flux. In particular it

is proportional to the integral of B6. The flux pile up implies that this force grows with λ

as we now explicitly check.

The NS5-brane has a worldvolume flux of the Abelian Born-infeld vector that induces

the 3-brane charge as can be seen via the coupling to C4 in the Chern-Simons term

µ5

∫
B6 + 2πF2 ∧ C4 . (3.4)

The first term is standard and describes how the NS5-brane is charged electrically w.r.t B6.

This contribution is sensitive to the flux clumping, since, with the help of (2.7),5 we find

dB6 ≡
1

g2
s

?10 H = − λ
gs
V4 ∧ F3 . (3.5)

Here gs is the string coupling and V4 is the red-shifted volume-form, along the four non-

compact dimensions. The second term in the Chern-Simons action (3.4) contains F2 which

is defined as

2πF2 = 2πF2 − C2 , (3.6)

where F2 the field strength of the BI vector and C2 the RR gauge potential. Since F3 is

topologically “protected” to have M units of flux around the S3, we preserve the expression

for C2 from the KS solution. This gives [2]∫
S2

C2 = 4πM

(
ψ − 1

2
sin(2ψ)

)
, (3.7)

5We have inserted a minus sign w.r.t. to equation (2.5) in order to follow the sign conventions of [2].
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Figure 3. The effective potential for the motion of the NS5 brane, plotted for different values of

λ. The vertical axis denotes the value for the potential and the horizontal axis the Euler angle ψ.

This picture taken from [12].

where ψ is the third Euler angle of the S3 that measures the sizes of the various S2’s within

S3. Since the NS5-brane wraps these S2’s and moves along on the S3, ψ is used to keep

track of the position of the NS5-brane. The fact that the NS5-brane induces, initially, p

anti-D3 charge is due to the monopole charge of the worldvolume flux F2 of the NS5-brane,

through the S2

2π

∫
S2

F2 = 4π2p . (3.8)

Using equations (3.7), (3.8) one easily verifies that at the North Pole, where ψ = π, the

NS5 induces M − p D3 charges instead of p anti-D3 charges at the South Pole.

If one regards the dynamics of the NS5-brane motion as described by the effective

one-dimensional action for a time-dependent ψ [2] one can deduce the potential energy for

the NS5 position from summing the DBI action

µ5g
−2
s

∫
6

√
det(G//)

√
det(G⊥ + 2πgsF2) , (3.9)

with the CS term (3.4) to find:

Veff(ψ) ∼ 1

π

√
b40 sin4 ψ +

(
π
p

M
− ψ +

1

2
sin(2ψ)

)2

− λ

2π
(2ψ − sin(2ψ)) , (3.10)

The effect of λ in the potential is made clear in the three plots in figure 3, taken from [12].

The plot for λ = 1 (full line) shows the meta-stable vacuum of [2], with p/M chosen as

3%. The dashed line corresponds to λ ≈ 1.3 , in which the vacuum is almost gone and the

third plot, with dotted line, for which λ ≈ 1.7 shows no meta-stable vacuum any more.

Lower values of p/M increase the height of the barrier and to ensure that the stable minima

will disappear for very small values of p/M , λ needs to be of the order (p/M)−1/2 [12], as

reviewed below.

– 8 –
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If we focus on small values of p/M , where the critical value λc for the flux clumping

is large, it is possible to obtain an analytic expression for λc as was done in [12]. In this

limit we have ψ ∼ ε, λ ∼ 1/ε and p/M ∼ ε2, with ε small. We find

Veff(ψ) ∼ 1

π

√
b40ψ

4 +

(
π
p

M

)2

− 2λ

3π
ψ3 , (3.11)

from which it is easy to derive the critical value at which the meta stable minimum

disappears:6

λc '
b30√
2π

(
p

M

)−1/2

. (3.12)

We refer to the appendix for some more details on the calculation. Sometimes it useful

to consider λ/b30, which is a density on the S3 on which the NS5 can wrap, rather than λ

itself. The critical value for this density is of order
( p
M

)−1/2
.

One can also expand the potential for small ψ to find

Veff ∼
p

M
− 2

3M
(1 + λ)ψ3 +

1

2
b40
M

π2p
ψ4 . (3.13)

Written in this way, one might get the impression that there always is a minimum, but one

easily checks that the expansion breaks down for values of ψ near this would be minimum

when λ is of the order of the critical value in (3.12). We will return to this expansion later

on when comparing with the results of the non-Abelian D3 action and bubble nucleation.

3.2 The anti-D3 point of view

The non-Abelian worldvolume action for p anti-D3 branes in the S-dual frame is given by

S =
µ3

gs

∫
Tr
√

det(G|| + 2πgsF2)det(Q)− 2πµ3

∫
TriφiΦB6 , (3.14)

where

Qji = δji +
2πi

gs
[Φi,Φk](Gkj + gsCkj) . (3.15)

In the above G|| denotes the worldvolume metric at the apex of the deformed conifold,

which we can locally approximate to be flat G|| ∼ δ. The Φi are the non-commutative

scalars whose eigenvalues denote the classical position of the brane inside the conifold. In

the below we use the convention that repeated scalar indices i are summed over, regardless

of their height.

The 2-form RR gauge potential C can be expanded at first-order in the Φ as

Cij ' FijkΦk = fεijkΦ
k , with f ' 2

b30
√
g3
sM

. (3.16)

For B6 we apply the above Ansatz (3.5). Putting all of this information together one finally

finds the following potential for the scalar Φ up to quartic order:

gsV (Φ) = p− 2iπ2f
(1 + λ)

3
εkjlTr

(
[Φk,Φj ]Φl

)
− π2

g2
s

Tr
(

[Φi,Φj ][Φi,Φj ]
)
. (3.17)

6This corrects a harmless typo in [12].
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We ignore the constant term in this potential, although it plays an interesting role as

“uplifting energy”. The KPV result is obtained by simply putting λ = 1. As before the

strategy is to infer what the effect of flux clumping, ie large λ, amounts to. For that we

compute the stationary point of this potential, from the extremality condition

[[Φi,Φj ],Φj ]− ig2
sf

(1 + λ)

2
εijk[Φ

j ,Φk] = 0 . (3.18)

This can be solved by the following SU(2) algebra

[Φi,Φj ] = ig2
sf

(1 + λ)

2
εijkΦ

k , (3.19)

which describes a fuzzy 2-sphere with effective radius

R2 =
4π2

p
Tr[(Φi)2] ' π2g4

sf
2

(
1 + λ

2

)2 c2

p
=

4π2

b80M
2

(
1 + λ

2

)2 c2

p
R2

0 , (3.20)

with R0 the radius of the S3: R0 = b0
√
gsM and c2 is the value of the quadratic Casimir

c2 =
3∑
i=1

Tr[Ji]
2 . (3.21)

One can verify that the lowest energy configurations are such that the Ji correspond to the

p-dimensional irreducible representations of SU(2), hence c2 = p(p2 − 1).

Again we can identify the same critical value for λc as we have calculated before. At

this value the potential V vanishes and becomes negative for larger λ, as can be seen from

V ' µ3

gs
p

(
2− 8π2(p2 − 1)λ4

3b12
0 M

2

)
. (3.22)

This can be understood as the same kind of breakdown of the expansion up to quartic

terms, as we saw around equation (3.13) and it signals the disappearance of the meta-

stable minimum.

3.3 Bubble nucleation

We have argued that there will be a build up of large, potentially diverging, flux on top of

the anti-branes spanning space-time. This is a simple consequence of flux being attracted

towards the anti-branes when supersymmetry is broken, and the gravitational and RR-

forces no longer cancel. To be more precise, it is the H3 part of the flux that will diverge,

and we have also argued that the presence of this large field strength on top of the anti-

branes will lead to a perturbative instability, and trigger the annihilation of the anti-branes.

We will now consider this process using the analogy with the Schwinger effect.

The usual Schwinger effect involves pair creation of charged particles in the presence of

a strong electric field. Two massive particles of opposite charge, can in principle be created

without a cost in energy if they start out so close to each other that the negative potential

energy due to their attraction balances their masses. They can, however, never escape to

infinity unless there is an external electric field. If the two particles are moved away from
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each other, the total energy will increase until the external field overcomes their mutual

attraction, after which the total energy will again decrease. Hence, there is a barrier that

needs to be overcome. The probability of tunneling through this barrier is interpreted as

the probability of spontaneous pair creation.

The higher dimensional analog of the pair creation described above is the creation of

neutral, expanding shells containing new vacua. The probability of a bubble to form is

given by

P ∼ e−B/~, (3.23)

where

B = SE [instanton]− SE [background], (3.24)

is the difference in the Euclidean action between a background with or without the bubble.

We will focus on the limit where the probability to tunnel becomes large, and the size

of the bubbles small compared to the de Sitter radius, such that effects of gravity can be

ignored. In the limit of thin walls, the Euclidean action for creating a bubble of radius R

is then given by

SE = −ρVd+1 + σAd, (3.25)

while the energy of the created bubble is

E = −ρVd + σAd−1. (3.26)

Here, σ is the tension of the bubble wall, and ρ the difference in energy between the inside

and the outside of the bubble, while Vd = 2πd/2

dΓ[d/2]R
d and Ad−1 = 2πd/2

Γ[d/2]R
d−1 are the inside

volume and area of Sd−1 respectively. Minimizing the action tells us that the radius of the

created bubble is given by

R =
dσ

ρ
, (3.27)

which also is the radius for which the energy of the created bubble vanishes, in line with

energy conservation. For d = 3 this gives the tunneling amplitude

P ∼ e−
27π2σ4

2~ρ3 . (3.28)

In our case it is the H3-field that couples to NS5-branes and will induce the spontaneous

creation of shells of NS5 inside of the anti-D3’s. We will now investigate in detail what

happens when these bubbles form.

An anti-D3 can end on the NS5, but there will be three extra dimensions left over.

That is, a bubble in the anti-D3 will have two directions parallel to the bubble wall, and

three transverse directions. Two of these transverse directions will wrap an S2 inside of

the S3, while the third direction will correspond to the thickness of the bubble wall in

space-time. As you move from the outside edge of the bubble wall across to the inner edge,

the internal S2 will, as it moves in the coordinate ψ, expand from one of the poles on the

S3, go over the equator, and then collapse towards the other pole. Hence, in the infinitely

thin wall limit this spherical NS5-brane fills or wraps the whole S3 at once and therefore

it might naively look as if there are two different NS5-branes, the Brown-Teitelboim one

– 11 –
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Figure 4. The three dimensions of the NS5-brane transverse to the bubble wall correspond to the

thickness of the wall and an internal S2. The S2 moves across the S3 when you go through the

bubble wall.

and the puffed anti-D3, but they are really the same. In the opposite limit, the infinitely

thick wall limit, the NS5-brane fills the whole 4d space and wraps the S2 inside S3. We

have illustrated this point of view in figure 4.

In this process the integrated charged fluid density
∮
H ∧ F3 ∼ KM will change to

KM −M within the bubble, since the H-flux within the bubble is one unit smaller due

to the presence of the NS5, which sources the H. What happens is that part of the fluid

is converted into M D3-branes. These D3-branes are then free to annihilate against the

anti-D3 branes within the bubble. In this way bubble nucleation make the anti-branes go

away in a process completely analogous to the Schwinger effect.

If you remain at a fixed point in space, waiting for the expanding bubble to come,

the transition will proceed trough a time-dependent process as the wall moves past, where

the anti-D3 are puffed up to an S2 that moves down (possibly through tunnelling) in the

potential of figure 3.

As we have seen this process can proceed perturbatively if the field strength is big

enough. The reason is that the internal structure of the wall of the bubble is resolved

within SUGRA, as we effectively move beyond the crudest thin wall approximation. As λ

is increased the effective tension is reduced, and at the critical value λc there is no barrier

left, and no bubble wall with tension. Even though the tension of the five dimensional

NS5-brane never vanishes, the thick wall of the two dimensional bubble has an effective

tension given by a combination of the NS5-tension and the effect of the strong H-field.

This should be contrasted with the case of electron-positron pairs where the mass of the

particles stay constant, and there always is a tiny little barrier left to tunnel regardless of

how strong the field is.

In the appendix we calculate the effective tension of the bubble as we approach the

critical value for λ. The result is

σ =
3

5
219/8

√
πgsM

(
p

M

)3/2(
1− λ

λc

)5/4

. (3.29)
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This value is only valid when λ is close to λc. With this we can explicitly see how the

suppression due to tunnelling disappears as the critical value of λ is approached. In case

back-reaction is ignored the same computation would instead give exactly the tension of a

probe NS5-brane wrapping the whole S3 [2].

3.4 Consistency of the approach

At first sight one might have worries about the approach we have followed. We therefore

address two questions we believe could prompt the worried reader: 1) why did we only

consider flux clumping as a back-reaction effect? And, 2) how can we make any conclusions

about anti-brane solutions since λ does become infinite in that case? Question 1) also

relates to the objection that the followed approach implies “filling in the back-reaction of

the probe into the probe action”, which is known to be inconsistent (e.g. the self energy of

an electric source needs to be subtracted in the coupling jµA
µ).

We start by addressing the first question. A probe action should indeed only be used

for a probe source. A consistent method for taking into account back-reaction into the

probe action works as follows: one forgets about the quantisation of charge and tension

and considers the p anti-D3 branes to consist of p − ε back-reacting anti-D3 branes and ε

probe branes with ε small

pD3 = (p− ε) D3︸︷︷︸
back-reacting

+ ε D3︸︷︷︸
probe

. (3.30)

One then investigates whether the ε probe branes are meta-stable in the background of the

p− ε back-reacting branes. If the latter are unstable one takes it as a sign that the whole

stack is unstable (recall that the higher p the less stable anti-D3 branes are). Hence one

can fill in the back-reacted solution into the probe action, but one has to keep in mind

what one is doing.

The back-reaction on the geometry is expected to be such that at the tip of the KS

throat we generate a new, much thinner throat, which is locally AdS5 × S5 as illustrated

in figure 5. The throat geometry causes the space to be locally stretched and one might

think that this could cure the enhanced brane-flux decay. After all, the S3 becomes bigger

and it will be more difficult to push the NS5-brane over the equator. Put differently, the

local blow up of the fluxes goes together with a local stretching of the space and the two

effects might cancel out.

There is a simple qualitative picture of what happens as we move down into the local

AdS throat, which suggests that such a cancellation does not take place. We already know,

from [20, 29], that the flux clumping is a completely general result, and is not removed

through the presence of the local AdS throat. But if we want to discuss the stability of

a probe with respect to it being pushed over the equator of the S3 towards the SUSY

vacuum, this is not enough and we must also understand what the effect is on the local

stretching (warping) of space-time. We did not consider this effect in [12]. Qualitatively

the geometry (3.1) felt in the probe regime should be corrected as follows, at leading order,

a2
0 → a2

0 exp(2A) , b20 → b20 exp(−2A) , (3.31)
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S2

S3

D3

Figure 5. At the tip of the KS throat a new AdS throat opens up around the anti-D3 branes.

and

H3 = λgs ?6 F3 .

Consider now for instance the equation for the critical value of λ (3.12)

λc '
b30√
2π

(
p

M

)−1/2

∼ exp(−3A) . (3.32)

We notice that λc grows as exp(−3A), whereas λ grows as exp(−4A) and therefore λ is

always expected to grow over λc down the throat. In other words, a growing λ beats the

stretching effect when it comes to the force felt by the NS5-brane that pushes it over the

equator towards the North Pole.

There is yet another effect that we need to discuss on top of what we did in [12]. Due

to the localization λ will, in general, be a function that depends on the distance from the

equator and the positions of the anti-branes or the puffed up NS5. As the branes start

to move one can even expect a time lag before the flux catches up. However, given that

our goal is to analyze whether there exist a static solution, it is self consistent to focus on

the adiabatic limit where the flux simply follows the position of the branes. In this sense

one can still talk about a specific potential depending on ψ and parametrized by the flux

clumping parameter as we used above.

To fully grasp the effects we have discussed one would have to study the AdS throat

by itself, where one gets a, local, non-supersymmetric version of the Polchinski-Strassler

model [30]. Unfortunately, such an analysis can only be carried out in a regime where

p�M , which is the regime opposite to the regime of interest where p�M . Nonetheless,

this regime has been studied in the recent work by Bena et al, [40], and the results clearly

indicate the would-be vacuum suffers from tachyonic instabilities. The end-point of these

tachyonic instabilities cannot be guessed from [40] but we suggest that the end-point is

the most obvious one: the SUSY KS solution with, possibly, some left over mobile D3

branes. Inside the “Polchinski-Strassler” regime of space-time the S3 geometry at the tip
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is invisible and lives in the far UV. Nevertheless, it is reassuring that the results point

in the same direction in this approach. A different way to understand why we are in

a regime complementary to the analysis in [40], comes from the simple observation that

in our analysis the instability of the probe arises at the same point as the expansion of

the polarisation potential to quartic order breaks down. The Polchinski-Strassler analysis

of [40] relies on such an expansion to be meaningful. It would be very interesting to provide

a unified picture for all values of p. We conjecture that the underlying process behind the

instability in all cases is flux annihilation.

Now we address the second question concerning the actual divergence of λ. In any real

process the flux density can never diverge. Instead, one has to regard the formally diverging

value as a sign that something is not yet understood. One logical possibility is that stringy

effects, such as brane polarisation of (p, q) 5-branes, or something else can resolve the

singularity. In the discussion we comment in more detail on the possibility of a resolution

of the singularity that would save the existence of the KPV meta-stable state. Let us for

now mention that the collected evidence is against such a resolution [20, 32, 33, 35, 36, 41].

It is the opinion of the authors that the most plausible possibility is that the singularity

indicates a perturbative instability [12]. The system is “side of the hill”. In the latter

case we must take time-dependence into account. At some time t = t0 an anti-D3 brane

is dropped into the KS throat. Subsequently the RR and gravitational forces pull the flux

towards the anti-brane and λ is effectively growing. It grows until it reaches the critical

density λc which sets off the classical brane-flux annihilation that puts a stop to the flux

accumulation near the anti-D3 brane. This process occurs until all of the anti-brane charge

is annihilated and one is left over with the SUSY vacuum at late times. This sidesteps the

discussion of the singularity since there is no singularity at any moment in time for such

a time-dependent background. So “time-dependence” can be seen as a resolution of the

singularity [12].

4 Discussion

As explained in the previous section, the classical instability that occurs at λ > λc implies

that the singular static anti-brane backgrounds should really be time-dependent in such a

way that λ can never grow indefinitely and hence time-dependence resolves the puzzling

3-form singularity at the expense of the loss of the meta-stable KPV state [12]. In what

follows we first explain how our results imply that a different resolution of the singularity,

that preserves the meta-stable state, is more unlikely. We distinguish between a resolution

at length scales that can be described in supergravity and at length scales that are beyond

the supergravity approximation. Before we conclude at the very end we comment on some

arguments in favor of the KPV state.

4.1 Can the singularity be resolved within SUGRA?

It seems sensible that the only possible resolution of the singularity should be one within

the supergravity approximation, at large radius. Imagine the contrary, that somehow α′

corrections are able to smoothen out the singularity. If so, the supergravity solution will
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only get substantially altered at a radius of the order of the string scale. This would

then be inconsistent with the above constraints from brane/flux annihilation since the flux

density λ already grows over its critical density λc at a radius much larger than the string

scale. Once the flux density crosses the critical density, nothing can prevent brane-flux

annihilation to occur, as was shown first in [12] and elaborated upon in this paper. The

intuition behind this is clear. The singular three-form flux can be seen as a local pile

of 3-brane charges dissolved in flux. If this ‘cloud’ of D3-branes comes too close to the

anti-brane, a direct annihilation occurs. This is why there exists a critical value for the

flux density required for stability, and this is why one wants the singular solution to be

corrected at large enough scales in order to stay below this critical density.

Brane polarisation [11, 30] is the natural candidate for a resolution at large scales

within supergravity, but it has so far not been shown to work [32, 33, 41]. This is in line

with nogo results for a smooth solution at finite temperature [20, 35, 36, 42]. Certain

solutions with D6 branes are a bit more subtle in this regard as we now explain.

Comments on 6-branes

Two classes of “anti-D6”-brane solutions have been investigated in the literature. One

class has flat worldvolume [19, 21], which apart from the singular three-form flux have a

naked singularity at large distance such that no global solutions can be found. Perhaps the

addition of O6 planes and quantum corrections allows a compact solution for which the

large distance problem is absent. We ignore that issue in what follows. If the (anti-)D6

would polarise into a D8 the singularity would be absent, but this polarisation does not

occur [32]. After 3 T-dualities this model, although very crude, captures the essence of the

singularity of anti-D3 branes smeared over the tip of the KS throat as explained in [28].

The D8 ‘no-polarisation’ result [32] T-dualises into a ‘no-polarisation’ result for D5 branes,

which was later verified in [33].

The second class has AdS worldvolume and a compact transversal space as predicted

first in [19, 21, 38] and then studied in much more detail in [8]. In the latter reference it

was shown that, despite the presence of charge dissolved in flux that has the opposite sign

to the 6-brane sources, the solutions are SUSY and that furthermore the 3-form singularity

is resolved since the D6 branes polarise into D8 branes that sit at a stable position (see

also [43]).

The different polarisation behavior between these two classes was traced back to the

presence of extra terms in the D8 potential that are sensitive to the AdS curvature [44]. We

expect similar behavior to be possible for anti-D3 solutions with AdS worldvolume. This

is not in contradiction with the conclusions in this paper since those anti-D3 backgrounds

of relevance to KPV [2](and KKLT [5]) break SUSY and have a flat worldvolume in the

non-compact case (KPV) and de Sitter in the compact case (KKLT).7

The (anti-)D6 solutions with AdS7 worldvolume are such that a solution without Ro-

mans mass is also possible and carries a similar 3-form singularity. Without Romans mass

7To be more precise, in the KKLT scenario on can also lift the SUSY AdS to a non-SUSY AdS with a

smaller curvature. But these AdS backgrounds have a parametric hierarchy of scales between the KK scale

and the cosmological constant, as opposed to the anti-brane solutions with AdS worldvolume at tree-level.
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it is less natural to think of D8 polarisation since there is no F0-flux that would cause the

D6 to polarise. What saves the day for the 3-form singularity, in the absence of Romans

mass, is the lift to 11-dimensional supergravity (which is not possible when F0 6= 0) to the

well-known Freund-Rubin vacuum AdS7 × S4. This implies that the 3-form singularity, as

such in 10D, is harmless and one could be tempted to conclude that this implies a diverging

H2 is harmless with non-zero Romans mass as well, and by extension the same could be

said for anti-D3 solutions. This is incorrect and the resolution in the massless AdS7 solution

does not contradict the findings of this paper. In fact one could argue it strengthens our

interpretation, because in the massless case, the 3-form flux does not induce D6 charges8

and there is no possibility for brane-flux annihilation. In that sense it is interesting that the

single solution that is known to be stable and has diverging H2, that remains unresolved

in 10D, is such that the fluxes do not induce brane charge and hence there is no channel

for brane-flux decay and the worries expressed in this paper do not apply.

4.2 What if it is resolved at small scales?

If the singularity is resolved beyond SUGRA, this implies a problem of a different kind

since it is rather unlikely that it can be verified whether effects, such as an infinite tower

of derivative corrections, smoothens the singularity. In practice one could see this as a

problem similar, or equal, to the Dine-Seiberg problem [45]. The Dine-Seiberg problem

can be stated as the problem that a typical vacuum is uncomputable since it is expected

to live a strong coupling or large curvature. It was the original motivation of the flux

compactification program to get around the Dine-Seiberg problem using fluxes as a tree-

level source of vacuum energy that could create vacua at small coupling and large volume.

However, if the KKLT scenario [5] can only be verified to work by computing the H2

behavior near the anti-D3 brane, where curvatures and flux gradients are tremendous,

then one is back to square one (at least for dS vacua, not for SUSY AdS vacua).

4.3 Possible improvements on meta-stability

We have argued that flux-clumping is a necessary consequence of the back-reaction of the

anti-branes that disfavors meta-stability of the probe. Our analysis has been heuristic and

it is important to improve on the precision of the computation of the flux-clumping effects.

We already alluded above on the back-reaction on space-time to be an effect that stretches

the clumping. Below we list a few other effects that could have important quantitative

effects for the meta-stability.

• Instead of the polarisation into a single spherical NS5 brane we can consider the

polarisation into a stack of spherical NS5 branes. In other words, for a fixed monopole

charge p we can increase the NS5 dipole charge. In order for the monopole charge to

remain the same the gauge flux on the NS5 worldvolume has to be scaled down as

F = p/N sin θdθ ∧ dφ, with N the number of NS5 branes.9 It is readily checked that

our calculations for the critical value of λc still go through by replacing p → p/N .

8Induced D6 charge is proportional to
∫
F0H.

9We like to thank the anonymous JHEP referee for pointing this out.
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The possible worry here is the fact that the non-Abelian action for multiple NS5

branes is not well understood and the gauge-flux monopole configuration we have

used is only well-defined in the Abelian case.

• We have assumed the clumping is constant on the S3 because it mainly occurs in the

radial direction of the KS throat. This is correct in case of multiple anti-D3 branes

that are distributed homogeneously over the S3. However this approximation breaks

down for a few anti-branes at the South Pole. In that case λ is Ψ-dependent and it

could possible be that for Ψ large enough, but still not over the equator λ becomes

smaller λc.

• Once homogeneity is dropped one also has to investigate the clumping of C2 and not

just B2. We have checked that this makes the instability worse.

• In case one does not consider probes polarising but the entire stack of anti-D3 branes

one has to take into account that the flux-cluming smoothens out once all anti-D3

branes are spherical NS5 branes. The reason is simply that the monopole charge

becomes distributed over a 2-sphere of finite size instead of being localised at a point.

This can have dramatic effects on the way λ clumps. We emphasize that this is beyond

the self-consistent approximation in which probe anti-D3 branes are investigated in

the neighborhood of a larger amount of back-reacting anti-branes.

4.4 Conclusion

We have elaborated on [12], which provides an interpretation of the 3-form singularities typ-

ical to anti-brane solutions. We claim that, in the absence of a resolution of the singularity

within supergravity (at large length scales), the solution is necessarily unstable and decays

perturbatively to the SUSY vacuum. The meta-stability of the KPV and KKLT vacuum is

then lost and the time-dependent process itself is what regularizes the 3-form singularity.

Apart from the arguments in this paper there might exist hints for an instability from

different view points. In particular we have in mind the tachyon found in [40], which is

valid inside the Polchinski-Strassler regime (see also [41]). A yet different criterium for

meta-stable SUSY breaking in holographic backgrounds is suggested in [46] and amounts

to computing poles in holographic correlation functions to unveil the presence of tachy-

onic modes.

We are aware of two arguments in favor of the KPV meta-stable state and against the

interpretation of [12] and this paper.

First, one can argue that, if the KPV meta-stable state does not exist it would provide

the first failure of a probe computation in physics and therefore this is rather unlikely. But

as we have mentioned in the introduction, the probe regime implies arbitrary small p/M

and it that regime we have no control over the NS5-brane actions since the wrapped S2’s

are of stringy size. Also, the probe computations in [2] were carried out at strong coupling

so it is difficult to say whether the probe computation was valid at the start.

A second argument is closely related to the first and relies on standard lore in effective

field theory. If one perturbes a stable state without flat directions one should not find an
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instability. The state should be gapped and hence a tunable small parameter cannot make

things unstable. One way to understand why this could fail is the presence of a small throat

region around the brane. A throat region can indeed redshift the tension of the anti-brane

and hence its associated uplift energy, but the masses of local open string moduli, that

determine the stability of the anti-brane are red-shifted as well [47]. For instance we find

that flux gradients, which should be described as KK modes, couple to the open string

modes (the NS5 position) and make the set-up unstable. Normally KK modes are heavy,

but due to the throat region, they are locally light and help to destabilize the brane.

It is essential to understand that our arguments have little to do with the size of the

back-reaction being “large”. Large would mean that the perturbations to the geometry

would extend to the UV of the KS throat. This would imply, in the KKLT scenario that

the uplift energy is stringy size and the dS vacuum is lost. This is not what we claim

happens.10 In fact the 3-form singularity is integrable in exactly such a way that the uplift

term remains as what was guessed in the original KKLT scenario [49].

In any case, it is our opinion that the safest conclusion at this point in time is that

anti-branes cannot be used to break SUSY in a controllable manner, which is an indication

that string theory might be more restrictive at low energies than assumed thus far.
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A Bubble nucleation rate

Let us now calculate the tunneling amplitude as we approach the critical value for λ. To do

this we must first evaluate the effective tension of the bubble wall. The Euclidean action

can be written

SE =

∫ τ1

τ0

dτL(ψ) =

∫ ψ1

ψ0

dψP −
∫ τ1

τ0

dτH(ψ), (A.1)

where ψ0 and ψ1 are the turning points such that ψ0 is the meta-stable minimum, while

ψ1 is on the slope on the other side of the barrier. The tension is given by

σ = b0
√
gsM

∫ ψ1

ψ0

dψP (A.2)

10Such unexpected things do have been shown to happen in other brane constructions used in string

cosmology [48].
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where P is the Euclidean momentum given by

P 2 = m2 − (V − E0)2. (A.3)

In our case m is the tension of the NS5-brane and V the potential due to the applied

H-field. The energy E0 is adjusted so that the ψ0 turning point is at the meta-stable

minimum. We define

W = m+ V − E0 = Veff − E0, (A.4)

with Veff as before. We then get

P 2 = W (2m−W ). (A.5)

When P � m, the second factor can be approximated by 2m, and we are under the barrier

as soon as W > 0. In our case, with V < 0 and E0 > 0, it is the sign of W that determines

the barrier even when P is not small.

When we are close to the critical point, we can use the scaling introduced around

equation (3.11), and write

W =
p

M

(√
1 + x4 − ax3

)
− E0, (A.6)

where we for convenience have introduced x = b0ψ
(
M
πp

)1/2
and a = 2

3b
−3
0

(√πp
M

)
λ. The

limits of the integration, and the energy E0, are chosen such that

W (x1) = W (x0) = W ′(x0) = 0 . (A.7)

We expand around x = x0 + y, and get

W ∼ 1

2
W (2)(x0)y2 +

1

6
W (3)(x0)y3. (A.8)

At the critical value of λc we have that a = ac =
√

2
3 and so close to the critical value we

write a =
√

2
3 − ε

2. This gives

W =
p

M

(√
321/4εy2 −

√
2

3
y3

)
, (A.9)

with y0 = 0 and y1 = 3
2 21/4

√
6ε.

We then find P 2 ' 2
√

2 p
MW , and finally

σ =
3

5
219/8

√
πgsM

(
p

M

)3/2(
1− λ

λc

)5/4

. (A.10)

This makes it explicit how the tunneling suppression disappears as the critical value of λ

is approached.
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