arXiv:1205.1798v2 [hep-th] 24 Sep 2012

IPhT-T12/036 ITP-UH-09/12

Persistent anti-brane singularities

Iosif Bena^♭, Daniel Junghans^‡, Stanislav Kuperstein^♭ Thomas Van Riet^♭, Timm Wrase^♯ and Marco Zagermann^{‡1}

♭ Institut de Physique Théorique, CEA Saclay, CNRS URA 2306 F-91191 Gif-sur-Yvette, France ‡ Institut für Theoretische Physik & Center for Quantum Engineering and Spacetime Research Leibniz Universität Hannover, Appelstraße 2, 30167 Hannover, Germany ♯ Department of Physics, Cornell University, Ithaca, NY 14853, USA

Abstract

Anti-D-branes inserted in warped throat geometries (supported by fluxes that carry D-brane charges) develop unphysical singularities. It has been argued that these singularities could be resolved when one goes beyond the linearized approximation or includes the effects of brane polarization. In this paper we consider anti-D6 branes, whose singularities have been shown to exist at the full non-linear level, and demonstrate that there is no D8 brane polarization that can resolve the singularity. We comment on the potential implications of this result for the resolution of anti-D3 brane singularities in the Klebanov-Strassler geometry.

1iosif.bena @ cea.fr, daniel.junghans @ itp.uni-hannover.de, stanislav.kuperstein @ cea.fr, thomas.vanriet @ cea.fr, timm.wrase @ cornell.edu, marco.zagermann @ itp.uni-hannover.de

1 Introduction

Anti-branes in warped throat geometries are essential ingredients in many standard scenarios for moduli stabilization in de Sitter space [1, 2] or in holographic duals to nonsupersymmetric gauge theories [3]. Since an anti-brane preserves different supercharges than the fluxes and (orientifold and D-brane) sources that sustain the throat, it feels a non-zero force that brings it to the bottom of the throat. At the bottom the tension and charge of the anti-brane is strongly redshifted and, at least far enough from it, one can hope to view the anti-brane as a perturbation on top of a supersymmetric background.

In the Klebanov–Strassler (KS) warped deformed conifold solution [4] one can demonstrate that if the anti-brane backreaction is ignored the anti-brane feels a classical barrier against annihilation with its surrounding flux, and hence describes a meta-stable state of the dual theory. The annihilation proceeds through the polarization [5] of the anti-D3 branes into a spherical NS5 brane wrapping a two-sphere of finite radius [3] inside the large three-sphere at the bottom of the KS solution. A similar phenomenon has been found for anti-M2 branes [6] in backgrounds with M2 brane charge dissolved in fluxes [7].

It is clearly important to investigate the backreaction of these anti-branes and see whether the existence of a metastable state is a real feature of the system, or an artifact of the probe approximation. There are two methods to find the answer: the first is to study the anti-branes as non-supersymmetric perturbations of the BPS solution; the second is to calculate their full backreaction and see if the resulting solution makes sense. The first method has been first applied to anti-D3 branes in the KS throat [8], and revealed the (surprising) existence of a singularity in the IR of the solution coming from the infinite energy-momentum density in the fluxes. Further investigations of solutions with anti- M2 [9, 10] and anti-D2 branes [11] have shown that such a singularity in the fluxes is ubiquitous. Moreover, unlike the anti-D3 singularity, whose infinite energy-momentum density is integrable, the anti-M2 singularity is not integrable, and the singularity of the fluxes near the anti-D2 branes is even stronger than that of the branes themselves! Hence, it is clear that this singularity cannot be accepted as it is.

The second method to study anti-branes in flux backgrounds is to calculate their full backreaction, which is much more challenging and so far this has only been done for anti- D6 branes [12, 13]. This investigation also revealed the presence of a singularity coming from the infinite energy density of the fluxes near the anti-branes. Upon T-dualizing the anti-D6 brane solution three times along the anti-D6 brane worldvolume one obtains an anti-D3 brane solution in the non-compact Calabi-Yau T^3 × R^3 , where the anti-D3 branes are smeared over the 3-torus T^3 and the effect of T-duality is to map the Romans mass F_0 into F_3-flux filling the T^3 . This way one obtains a singular anti-D3 brane solution, whose singularities are of the same type as those of anti-D3 branes in a KS throat [14]. This is a strong indication that the anti-brane singularities found in perturbation theory remain when one considers the full backreaction, contrary to claims by [15].

Given the likely persistence of anti-brane singularities at the full nonlinear level, one can ask what do these singularities indicate. One possibility is these singularities are unphysical, and hence there is no solution for anti-branes in KS [8]. They can indicate for example the existence of a perturbative decay channel for the anti-branes against the surrounding flux [16].

The other possibility is that these singularities will be resolved if one considers the full non-perturbative dynamics of the anti-branes, and in particular their polarization into NS5 or D5 branes, the way it happens in the Polchinski-Strassler (PS) solution [17]. So far the evidence for singularity resolution by brane polarization is split: on one hand, in the probe approximation the anti-D3 branes do polarize into an NS5 brane [3]. On the other hand, the fluxes that give rise to the singularity are not of the correct type and orientation to couple to such NS5 brane.

Unfortunately ascertaining whether the singularity of the anti-brane solutions constructed so far is resolved by brane polarization is not easy. For example the anti-D3 brane perturbative solution [8, 18, 19]^2 is a cohomogeneity-one solution constructed using the Borokhov-Gubser method [23], and describes anti-D3 branes that are smeared over the S^3 of the conifold. This smearing wipes out the NS5 polarization channel found in [3]. Similarly, the smearing of the anti-M2 over the tip of CGLT background [7] wipes out the M5 polarization channel of [6].

To make progress one has to remember an old piece of brane polarization lore: in PS a D3 brane that polarizes always has two polarization channels, corresponding to D5 and NS5 polarization in orthogonal planes^3. When the branes that are polarizing are fully backreacted, both these channels are visible. On the other hand, if one considers the branes that are polarizing as probes in a certain flux background, only one channel is captured by the probe approximation, while the other one is generically not.

If one applies this fact to antibranes in KS, one expects that besides the NS5 brane polarization channel visible when the anti-D3 branes are considered in the probe approximation [3], there should exist another polarization channel in which the anti-D3 branes polarize into a D5 brane wrapping the S^2 of the deformed conifold and sitting at a finite distance from the tip. However, this D5 channel is not visible when one considers the anti-D3 branes as probes and ignores their backreaction, because the RR vector potential C_6 vanishes in the unperturbed KS background. Hence, the only way to see whether the D5 polarization channel exists is to consider solutions where the anti-D3 branes are fully backreacted. Moreover, since the polarization happens in a plane orthogonal to the smearing direction, this channel - if existent - will survive the smearing.

Unfortunately, the fully backreacted smeared anti-D3 brane solution in KS has not been found yet, and hence performing the full analysis is not possible. Nevertheless, what is known is the solution for anti-D3 branes on T^3 × R^3 , which is T-dual to the anti-D6 solution of [12, 13]. This solution captures the essential physics of the region near the anti-D3 branes in KS when the “Schwarzschild radius” of these anti-branes (∼ g_sN_3) is much much smaller than the size of the S^3. Hence, if one could prove or disprove the existence of a D5 brane polarization channel for anti-branes in T^3 × R^3 , it would be very

2See [20–22] for earlier work.

3A similar situation exists in other brane polarizations that can be studied à la PS or by constructing the fully backreacted solution, like M2 branes polarizing into M5 branes in orthogonal planes [24–26] or D2 branes polarizing into D4 and NS5 branes in orthogonal planes [27].

surprising if the physics of this channel in KS would be any different. On the other hand, since the solution of [12,13] depends on several parameters that can only be fixed from the UV physics, so it is also possible a-priori that polarization happens when these parameters are in a certain range, and does not happen otherwise.

The result we find is quite surprising: in the solution of [12,13] the polarization potential has exactly the same terms that appear when branes polarize intro branes two dimensions higher [17,27,28], but the coefficients of these terms are such that there is no polarization! 4 Furthermore, this result is independent of the free parameters of this solution, which indicates that the absence of polarization is universal. The obvious conclusion of this calculation is that brane polarization does not seem to help in curing the infrared singularities of anti-branes in backgrounds with charge dissolved in fluxes, and hence this singularity is there to stay.

Since the T-dual of our geometry can be argued to capture the near-tip physics of anti- D3 branes in KS, our calculation also indicates that the D5 brane polarization channel will be absent for smeared anti-D3 branes. Since this polarization channel is in a plane transverse to the smearing direction, it will likely also be absent for localized anti-D3 branes, which in turn would indicate that its “twin” NS5 channel is also absent. Thus it seems that brane polarization will probably not help cure the singularities of anti-D3 branes in warped throats with fluxes. It would be very important to confirm this calculation on a fully-backreacted anti-D3 KS solution.

This paper is organized as follows: In Section 2 we establish our notation by recalling the essential properties of the anti-D6 brane solution described in [12,13]. In Section 3 we compute the potential for the D6 branes to polarize into a D8 brane wrapping an S^2, or equivalently of anti-D3 branes on T^3 × R^3 to polarize into a D5 brane, and demonstrate the absence of a meta-stable state. In the appendix we present the details of the analogous calculation for the compact setting.

2 Preliminaries

2.1 The Ansatz

In order to obtain a solution with D6 brane charge dissolved in fluxes, the space transverse to the branes must have a nonzero NS-NS three-form field strength, H_3, as well as a nonzero Romans mass, F_0. If one considers a solution with D6 or anti-D6 branes located at a point in the transverse space, the solution has SO(3) symmetry, and is described by

4Another example where there is no polarization despite the presence of all the terms in the polarization potential is the Pilch-Warner solution [29]. This can be seen by taking one of the chiral multiplet masses to zero in [17]: in this limit the shape of the D5 and NS5 branes in which the D3 branes polarize degenerates, and the D5 and NS5 dipole charges disappear.

the string-frame Ansatz [30]:

ds^2_{10} = e^{2A(r)+ 1}2^{ϕ(r)}dx_μdx^μ + e^{2B(r)+ 1}2^{ϕ(r)} ( dr^2 + r^2(dψ^2 + sin^2ψ dϕ^2) ) , (2.1)

H_3 = F_0λ(r)e^74^{ϕ(r)+3B(r)}r^2dr ∧ ω_S2 , (2.2)

F_2 = e^{− 3}2^{ϕ(r)−7A(r)+B(r)}α^′(r)r^2 ω_S2 , (2.3) F_0 ≠ 0, (2.4)

where F_0 is the value of the Romans mass, and the equations of motion governing the five unknown functions A(r), B(r), ϕ(r), α(r) and λ(r) are ODE’s. The D6 worldvolume coordinates are x^μ (μ = 0 . . . 6), ω_S2 = dψ ∧ sinψ dϕ is the volume form of the transverse two-sphere, and the H_3-flux is proportional to the volume element of the three-dimensional transverse space.

The extremal^5 D6 brane background [31] has:

λ = 1 , (2.5)

which is the correspondent of the familiar D3-brane ISD-flux condition in general D-brane backgrounds, and can be related to the latter by T-duality. The metric, dilaton and twoform field strength are exactly the same as for supersymmetric D6 branes in flat space,

e^{2A} = h^{− 18}_6 , e^{2B} = h^{78}_6 , e^ϕ = g_sh^{− 34}_6 , α = e^34^{ϕ+7A} , (2.6)

except that the D6 harmonic function now picks up a contribution from the D6 charge dissolved in the fluxes:

h_6(r) = 1 + g_sÑ_6 r − 1 6 F^2_0 r^2 . (2.7)

where Ñ_6 ≡^π_2 N_6, and we have set l_s = 1.

The corresponding warp factor matches exactly the infrared behavior of the Klebanov- Strassler warp factor with mobile branes smeared on the KS three-sphere, which confirms our intuition that it captures the IR behavior of the KS near-tip region. Far far away from the origin the warp factor vanishes, and the solution has a naked singularity, but this does not need to bother us. If one is interested in this solution for its ability to capture the essential IR physics of anti-branes in KS, we know that in KS there will be other contributions to the warp factor when one goes further away from the tip, and hence this singularity will not be there. If we are interested in a D6 solution by itself, the problem can be cured in a compact setting, as it provides a natural cut-off. A compact solution can be obtained by changing the D6 branes into an O6 plane, which is a solution T-dual to the well-known GKP solution for O3 planes [32]^6.

5The solution is only supersymmetric when the worldvolume symmetries are broken by a adding a term linear in a spatial worldvolume coordinate to the harmonic function.

6A more involved procedure is to glue a compact space, containing orientifolds, to the D6 brane throat.

We cannot introduce anti-D6 branes directly on top of this background since they would annihilate against the D6 brane source. This is due to the fact that the background does not allow a resolution of the brane singularity. However, if no D6 branes are present, one can insert an anti-D6 brane in a flux background that carries D6 brane charge. This implies that far enough from the anti-D6 brane source one demands that the fluxes go to their BPS value for D6 branes, or equivalently, far enough (but still before one hits the even further away singularity) we should have:

λ_{UV} → 1 . (2.8)

This is the only “UV” boundary condition we impose.

2.2 The singularity and its possible resolution

Before constructing the full-blast anti-D6 brane solution, one can already argue that this solution will have an infrared singularity, coming from the divergence of the energy density of H_3 at r = 0 [12]. This argument proceeds in three steps:

1. The H_3 equation of motion gives an algebraic relation between α and λ:

α = e^34^{ϕ+7A}λ + α_0 . (2.9)

where α_0 is a gauge choice, which we take zero for now. Hence, our UV (large r) boundary condition (2.8) implies that:

α_{UV} > 0 . (2.10)

2. In the IR we must have:

α^′_{IR} < 0 , (2.11)

since the derivative of α (denoted by α^′) near the source is determined by the D6 brane charge, which in our conventions is negative for an anti-D6 brane.

3. From a combination of the F_2 Bianchi identity and (2.9) one can demonstrate that if α^′(r_0) = 0 for some r = r_0 then necessarily:

sgn (α(r_0)) = sgn (α^{′′}(r_0)) . (2.12)

By combining (2.10, 2.11, 2.12) one can fix the overall behavior (“topological” properties) of the function α(r) . The result is that α(r) necessarily reaches a strictly positive (non-zero) value at r = 0 [12]:

α_{IR} > 0 . (2.13)

This is enough to demonstrate the singularity in the H-flux energy density

e^{−2ϕ}H^2 = α^2e^{− 3}2^{ϕ−14A}F^2_0 . (2.14)

If we evaluate this quantity in the IR, where the dilaton and the warp factor behave as for ordinary (anti-)D6 branes in flat space^7 we find that

e^{ϕIR} ∼ r^{3/4} , e^{AIR} ∼ r^{1/16} , (2.15)

and hence near r = 0 e^{−2ϕ}H^2 ∼ α^2_{IR}r^{−2} . (2.16)

This clearly diverges since α_{IR} ≠ 0.

Let us now show how the singularity could be cured if the anti-D6 branes polarize into D8 branes. When we replace the IR boundary conditions with the boundary conditions near a D8 brane shell wrapping an S^2 at finite radius (r = r^∗), we still find that α(r^∗) > 0, but near the D8 brane the warp factor does not blow up, and hence both the dilaton and the warp factor are finite and e^{−2ϕ}H^2 ∼ α(r^∗)^2 , (2.17)

which is everywhere finite.

2.3 Details of the IR solution

In this subsection, we analyze in more detail the IR (small r) behavior of the anti-D6 brane background, contained in the Ansatz (2.1)-(2.4). It was argued in [13] that, apart from the B_2-field, the leading order behavior of all the fields (the metric, the dilaton and the F_2-form flux), near the D6 brane source, is that of the BPS D6 brane solution (see the discussion around (2.15)). Although the full solution is still out if reach, it has been demonstrated in [13] that one can consistently solve the equations of motion order by order in the r-expansion. The leading terms in this expansion are: e^{−A(r)} = r^{−1/16} ( a_0 + a_1r + a_2r^2 + . . . ) e^{−2B(r)} = r^{7/8} ( b_0 + b_1r + b_2r^2 + . . . ) e^{− 14 ϕ(r)} = r^{−3/16} ( f_0 + f_1r + f_2r^2 + . . . ) λ(r) = r^{−1} ( λ_0 + λ_1r + λ_2r^2 + . . . ) , (2.18)

All (higher order) coefficients depend only on the Romans mass and the five free parameters: a_0, b_0, f_0,λ_0, and λ_1 [13]. As we will show below, the first three of these can be expressed in terms of g_s and N_6 (the number of the anti-D6 branes), while the remaining two parameters, λ_0, and λ_1, cannot be fixed from the IR data only. If one thinks about the T-dual of this solution as the infrared of the solution describing anti-D3 branes in KS, these coefficients represent information about the gluing of this infrared to KS, and can only be fixed from the full solution. If one thinks about the compact D6 solution, these coefficients are again determined by the UV data. While one could have expected that the exact form of the D6

7This assumption has been explicitly verified in [13], where the existence of the singularity in the H-flux density was established in Einstein frame.

polarization potential depends crucially on these coefficients, this turns out not to happen, and hence whether a D6 polarizes or not is independent of the UV data !

We can compare the leading terms in (2.18) to the dilaton and the warp function of the “near-horizon” D6 brane BPS solution. For small r, we only need to keep the second, 1/r, term in the warp function (2.7)

h_6(r) ≈ g_sÑ_6 r . (2.19)

Requiring that near the source

e^12^{ϕ+2A} ≈ h^{−1/2}_6 e^12^{ϕ+2B} ≈ h^{1/2}_6 and e^ϕ ≈ g_sh^{−3/4}_6 , (2.20)

we find that:^8

a_0 = g^{5/16}_s Ñ^{1/16}_6 , b_0 = g^{−3/8}_s Ñ^{−7/8}_6 , f_0 = g^{−1/16}_s Ñ^{3/16}_6 . (2.21)

3 The D8 brane potential

In this section we will calculate the potential for the polarization of the anti-D6 branes into D8 branes by studying the D8 brane worldvolume theory. More specifically we will compute the action for a probe D8 brane with n anti-D6 branes in the infrared of a solution sourced by N_6 anti-D6 branes.

As mentioned in the Introduction, this polarization channel is dual to the D5 polarization channel of anti-D3’s in KS, and if this channel is not functional, it is very likely that anti-brane singularities will not be in general resolved by brane polarization.

To find whether the anti-D6 branes polarize into a D8 brane, we consider a D8 brane that has a large anti-D6 charge dissolved in it, wrapping the topologically trivial 2-sphere of radius r = r_⋆ in the R^3 orthogonal to the anti-D6 branes. A D8 brane with no anti-D6 charge feels a very strong attractive potential, and only has a minimum at r_⋆ = 0. Since the masses of the D8 and the anti-D6 branes add in quadratures, adding anti-D6 branes makes the polarization more likely: the anti-D6 DBI attraction and WZ repulsion cancel, and the leftover contribution to the attractive potential coming from the D8 brane is much smaller.

The D8 brane action in string frame is

S_{D8} = S_{DBI} + S_{W Z} (3.1)

with S_{DBI} = −μ_8 ∫ d^9ξe^{−ϕ} √ −det (g + 2πF_2) , S_{W Z} = μ_8 ∫ (C_9 + 2πF_2 ∧ C_7) , (3.2)

8One can check that there is a rescaling of r and the other parameters of the setup that leaves the gauge fixed equations of motion of [13] invariant such that the expansion (2.18) can be used and consistently matched with the expressions (2.19) and (2.20).

where 2πF_2 ≡ 2πf_2 − B_2 with f_2 being the usual world volume gauge field strength.

To calculate the potential, we will consider a static configuration with the D8 brane sitting at a fixed r and spanning the rest of the coordinates. The induced metric is then: √ g_‖ = e^{7A+ 74 ϕ} · Vol_R1,6 , √ g_⊥ = e^{2B+ 12 ϕ}r^2 · Vol_S2 . (3.3)

Furthermore, to give the D8 brane n units of the D6 charge, its world volume field strength has to be f_2 = n 2 ω_S2 . (3.4)

Using (2.2), (2.9) and the Bianchi identity for F_2, we can write down the B_2-form and the RR vector potentials C_7 and C_9 (all other forms vanish identically):^9

B_2 = 1 F_0 e^{− 32 ϕ(r)−7A(r)+B(r)}r^2α^′(r) · ω_S2 ,

C_7 = (α(r) − α(0)) · ω_R1,6 , C_9 = γ(r) · ω_R1,6 ∧ ω_S2 , (3.5)

where

γ^′(r) = F_0 ( α(r)(α(r) − α(0))e^{ϕ(r)−7A(r)+3B(r)} − e^{52 ϕ(r)+7A(r)+3B(r)} ) r^2 . (3.6)

We also added a constant to C_7 so that at large n the leading contribution at small r of the DBI part will match exactly the one coming from the WZ term (see below).

As explained above, to have any hope for the D8 shell to be stable at a finite radius, the contribution to the energy coming from the n anti-D6 branes dissolved in it must dominate over the D8 contribution, which is proportional to the induced metric g_⊥ contribution. This happens in all known examples of brane polarization (see for example [17,24,27]). One can then expand the square root of the D8 DBI action, and keep the leading terms, proportional to n and 1/n respectively. In a supersymmetric background the term proportional to n cancels the C_7 WZ term in the action since a probe D6 brane should feel no force from a fellow supersymmetric D6 brane. In our solution supersymmetry is broken and hence the cancelation will be only partial leaving a contribution of order nr^2. On the other hand, the 1/n term in the DBI expansion will go like r^4. These two terms are necessarily positive, and give an attractive force. On the other hand, the WZ action has also a repulsive nindependent term that goes like r^3 and comes from the IR expansion of C_9. There is no need to keep other terms in the expansion, provided we keep n large and stay at small r. Hence, the full polarization potential is V (r) ∼ ( πn · c_2r^2 − c_3r^3 + 1 πn c_4r^4 ) . (3.7)

Note that this is the universal potential for polarization of branes into other branes that are two dimensions higher [17, 27, 28], and the fact that all the terms are nonzero implies

9In our conventions F_8 ≡ − ⋆_{10} F_2, F_{10} ≡ ⋆_{10}F_0 and dC_{p+2} = F_{p+3} + H_3 ∧ C_p for p = 1, 3, 5, 7.

that the fields necessary for polarization are all there^{10}. Hence, whether or not polarization happens depends on the balance between c_2, c_3 and c_4. For example, if 32 9 c_2c_4 < c^2_3 < 4c_2c_4 , (3.8)

the potential would have a minimum away from the origin, but this vacuum with polarized branes would have higher energy than that of the origin, and would hence be metastable. If however c^2_3 < 32 9 c_2c_4 , (3.9)

then there will be no minimum away from the origin and the branes will not polarize.

A straightforward calculation yields the following results for the coefficients:

c_2 = λ_0 f^3_0 a^7_0 ( λ_2 λ_0 − 3 f_2 f_0 − 7 a_2 a_0 − ( λ_1 + 1 λ_0

)_2

+ 21 a_1f_1 a_0f_0 + 6 ( f_1 f_0

)_2 + 28 ( a_1 a_0

)_2) , c_3 = 1 3 F_0λ_0 a^7_0f^{10}_0 b^{3/2}_0 , c_4 = 1 2 1 (a_0f_0)^7b^2_0

. (3.10)

and it looks at first glance that the polarization potential will depend on many parameters of the solutions, most of which cannot be fixed in the infrared, and will hence depend on the way this solution is embedded in a UV-complete solution. However, a surprise awaits.

We first express all the coefficients in terms of a_0, b_0, f_0, λ_0, λ_1 and F_0. For a_1, b_1 and f_1 we have: a_1 a_0 = 1 16 λ_1 + 1 λ_0 − 3 64 (F_0λ_0)^2 b_0f^{10}_0 b_1 b_0 = − 7 8 λ_1 + 1 λ_0 + 31 96 (F_0λ_0)^2 b_0f^{10}_0 f_1 f_0 = 3 16 λ_1 + 1 λ_0 + 7 64 (F_0λ_0)^2 b_0f^{10}_0

. (3.11)

It is important to emphasize here that in [13] these equations have one extra term on the right hand side, which drops out when the transverse space to the D6 branes is noncompact. The full equations can be found in the appendix.

Apart from (3.11) we will need one extra relation for the second-order coefficients, which follows from (B.42), (B.43) and (B.45) of [13] (for some reason it seems that we do not have to use all of the type IIA equations of motion from [13]):

λ_2 λ_0 − 7 a_2 a_0 − 3 f_2 f_0 = − 1 4 b_1 b_0λ_0 + 7 2 a_1λ_1 a_0λ_0 − 7 2 ( a_1 a_0

)_2 + 3 ( f_1 f_0

)_2 + 21 2 a_1f_1 a_0f_0

. (3.12)

10The sign of c_3 can easily be changed by flipping the D8 orientation, and we have chosen the orientation for which the r^3 term is negative. For the other orientation all three terms are attractive.

From (3.11) and (3.12) we obtain:

c_2 = 1 12 · (F_0λ_0)^2 a^7_0b_0f^{13}_0

, c_3 = 1 3 · F_0λ_0 a^7_0b^{3/2}_0 f^{10}_0

, c_4 = 1 2 · 1 a^7_0b^2_0f^7_0

, (3.13)

and hence Eq. (3.9) is satisfied and there is no polarization!

This result is quite remarkable, because λ_1 drops out from the final expressions of the coefficients, and hence the condition (3.9) is fulfilled for any value of the remaining parameters. In particular, if on thinks about the T-dual of this geometry the representative of the near-anti-brane region at the tip of KS, this calculation indicates that the anti-branes will not polarize irrespective of the values of the parameters of the near-tip solution that depend on UV data. Hence, one cannot make the branes polarize by changing any of the parameters of the solution. The absence of polarization is universal!

3.1 Regimes of validity

Let us now return to the discussion of the regime of validity of our calculation. It is clear from (3.7) that the radius at which polarization would have been possible goes like r_⋆ ∼ πn √ c_2 c_4

∼ n · F_0λ_0 b^{1/2}_0 f^3_0

, (3.14)

and at this radius the three terms in the potential (3.7) are of the same order.

• To stay in the probe approximation we take:

n ≪ N_6 . (3.15)

• In order to trust the IR series expansion of the solution at the scale at which polarization might take place r_⋆ has to be smaller than a_0/a_1, b_0/b_1, f_0/f_1 and λ_0/λ_1. Since we do not have the full UV-complete solution, we cannot estimate precisely how the coefficients a_1, b_1, f_1, λ_0 and λ_1 depend on the free parameters F_0, g_s and N_6. Fortunately, we can still proceed even with no UV completion at hand. It is reasonable to assume that for the full solution all three terms on the right hand side of (3.11) will be of the same order of magnitude. This means that:

λ_1 ∼ 1 and a_1 a_0 , b_1 b_0 , f_1 f_0 ∼ 1 λ_0 ∼ (F_0λ_0)^2 b_0f^{10}_0

. (3.16)

Using (2.21) we arrive at:

λ^3_0 ∼

N_6 g_sF^2_0 , a_0 a_1 , b_0 b_1 , f_0 f_1 ∼ ( N_6 g_sF^2_0 )_{1/3} and r_⋆ ∼ n ( F_0 g_sN^2_6 )_{1/3} . (3.17)

To conclude, in order to trust the IR series expansion of the solution we require that: n ≪ N_6 F_0

. (3.18)

• The DBI square root has been expanded: det(2πF_2) ≫ det(g_⊥). This leads to: n ≫ r^{3/2}_⋆ f^2_0 b_0

. (3.19)

Plugging in (3.17) and (2.21), we see that somewhat surprisingly this condition reduces to the previous one (3.18).

• The radius of the 2-sphere wrapped by the D8 brane should be large in string units.

This radius is given by √ det(g_⊥) at r = r_⋆ and so we see that: r^{3/2}_⋆ f^2_0 b_0

≫ 1 (3.20) or: n ≫ ( N_6 F_0 )_{1/3} . (3.21)

The same condition ensures that the background curvature measured at r = r_⋆ will be small at string units.^{11}

• We have to check that the string coupling e^ϕ is small at r = r_⋆:

f_0r^{−3/16}_⋆ ≫ 1 . (3.22)

This gives the third and the final restriction: n ≪ ( N^5_6 F_0 )_{1/3} . (3.23)

Evidently we can always satisfy all four conditions (3.15), (3.18), (3.21) and (3.23) by adopting proper values of n, F_0 and N_6.

At a first glance, the condition N_6/F_0 ≫ 1 which is necessary for the validity of our calculation, appears to be opposite to the condition for the metastable state in the probe approximation of [3]. Indeed, if one considers the polarization of N_6 anti-D3 branes into one NS5 brane, a metastable solution only exists when the number of anti-D3 branes divided by the F_3 flux on the conifold, N_6/M, is less than 8%. However, if one considers the polarization of the anti-D3 branes into multiple NS5 branes, one can trivially extend the KPV calculation and show that there will exist metastable vacua for an arbitrarily-large number of anti-D3 branes, as long as N_6/M divided by the number of these NS5 branes does not exceed 8%. Hence, our calculation rules out brane polarization even in the regime where a “generalized KPV” probe calculation would find it.

Although one may naively think that the no-polarization result we found may not be valid once we relax these conditions, it is very easy to see that this will not be so. In

11The Ricci scalar of the metric (2.1) behaves like R ∼ h^{−3/2}_6 □h_6.

fact, these conditions are those that take us to the regime where polarization is most likely and relaxing them generically makes polarization less favored. Indeed, the potential we computed has all the right features to allow for the branes to polarize, except that its coefficients (3.13) are not the good ones.

For example, as we explained above, to make polarization easier, the energy of the probe must be dominated by the branes dissolved in it and the condition (3.19) guarantees that. The condition that the probe has less D6 charge than the number of D6 branes sourcing the background (3.15) is necessary to do the probe calculation à la Polchinski-Strassler, but, as explained there, one can treat the full brane polarization problem by considering multiple shells with n ≪ N_6 and treating each shell as a probe in the background of of the others. This “mean-field” calculation agrees perfectly with the fully-backreacted supergravity solution whenever the latter has been done. Hence, the fact that branes do not polarize for n ≪ N_6 makes it highly implausible they will polarize otherwise. Similarly, the condition that the radius of the D8 branes is larger than the string scale is only necessary for the validity of the DBI calculation; when this radius is smaller than the string scale one can still describe the polarization potential using the non-Abelian Born-Infeld action of the anti-D6 branes, and the result is the same [5].

Acknowledgements

We thank Anatoly Dymarsky, Mariana Graña, Stefano Massai, Liam McAllister, Paul McGuirk and Gonzalo Torroba for useful and oftentimes challenging discussions. The work of I.B. and S.K. is supported in part by the ANR grant 08-JCJC-0001-0, and by the ERC Starting Independent Researcher Grant 240210 - String-QCD-BH. The work of D.J. and M.Z. is supported by the German Research Foundation (DFG) within the Cluster of Excellence “QUEST”. The work of T.V.R. is supported by the ERC Starting Independent Researcher Grant 259133 -ObservableString. The work of T.W. is supported by a Research Fellowship (Grant number WR 166/1-1) of the German Research Foundation (DFG), by the Alfred P. Sloan Foundation and by the NSF under grant PHY-0757868. D.J., S.K. and T.V.R. would also like to thank the organizers of the Uppsala workshop on “Brane Backreaction, Fluxes and Metastable Vacua in String Theory” for providing an environment for stimulating discussions on this subject.

A The compact solution

In this Appendix we repeat our calculations to the compact solution of [13], which looks exactly like (2.1) with R^{1,6} and R^3 replaced by AdS_7 and S^3 respectively.

The relations that determine a_1, b_1 and f_1 are now: a_1 a_0 = 27 16 a^2_0 b_0 + 1 16 λ_1 + 1 λ_0 − 3 64 (F_0λ_0)^2 b_0f^{10}_0 b_1 b_0 = 35 8 a^2_0 b_0 − 7 8 λ_1 + 1 λ_0 + 31 96 (F_0λ_0)^2 b_0f^{10}_0 f_1 f_0 = − 63 16 a^2_0 b_0 + 3 16 λ_1 + 1

λ_0 + 7 64 (F_0λ_0)^2 b_0f^{10}_0

(A.1)

As one can see, the non-compact relations (3.11) differ from these only by the first terms on the right hand side. This is consistent with the fact that a_0 and b_0 parameterize the radius of AdS_7 and S^3, and so, at least formally, the infinite radius limit should yield (3.11).

Next, (3.12) remains unmodified and with (A.1) we find a different result for c_2:

c_2 = − 7 a^5_0b_0f^3_0 + 1 12 · (F_0λ_0)^2 a^7_0b_0f^{13}_0

, (A.2)

c_3 = 1 3 · F_0λ_0 a^7_0b^{3/2}_0 f^{10}_0

, (A.3)

c_4 = 1 2 · 1 a^7_0b^2_0f^7_0

. (A.4)

Clearly the extra term in c_2 makes polarization more likely than in the non-compact solution. The strength of this term depends on the curvature of the AdS_7 and the 3-sphere and is not a free parameter, but rather fixed by the D6 charge, g_sN_6. Hence, the presence of polarization can only be determined by knowing the full compact solution.

Note that in realistic scenarios where a KS throat is embedded in a compact flux background, the length scale of the latter is not related to the number of anti-branes, and hence the first term in (A.2) will be parametrically smaller than the other terms, and will not help in restoring brane polarization.

References

[1] S. Kachru, R. Kallosh, A. D. Linde and S. P. Trivedi, De Sitter vacua in string theory, Phys.Rev. D68 (2003) 046005 [hep-th/0301240].

[2] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, Systematics of moduli stabilisation in Calabi-Yau flux compactifications, JHEP 0503 (2005) 007 [hep-th/0502058].

[3] S. Kachru, J. Pearson and H. L. Verlinde, Brane / flux annihilation and the string dual of a nonsupersymmetric field theory, JHEP 0206 (2002) 021 [hep-th/0112197].

[4] I. R. Klebanov and M. J. Strassler, Supergravity and a confining gauge theory:

Duality cascades and chi SB resolution of naked singularities, JHEP 0008 (2000) 052 [hep-th/0007191].

[5] R. C. Myers, Dielectric branes, JHEP 9912 (1999) 022 [hep-th/9910053].

[6] I. R. Klebanov and S. S. Pufu, M-Branes and Metastable States, JHEP 1108 (2011) 035 [1006.3587].

[7] M. Cvetic, G. Gibbons, H. Lu and C. Pope, Ricci flat metrics, harmonic forms and brane resolutions, Commun.Math.Phys. 232 (2003) 457–500 [hep-th/0012011].

[8] I. Bena, M. Grana and N. Halmagyi, On the Existence of Meta-stable Vacua in Klebanov-Strassler, JHEP 1009 (2010) 087 [0912.3519].

[9] I. Bena, G. Giecold and N. Halmagyi, The Backreaction of Anti-M2 Branes on a Warped Stenzel Space, JHEP 1104 (2011) 120 [1011.2195].

[10] S. Massai, Metastable Vacua and the Backreacted Stenzel Geometry, 1110.2513.

[11] G. Giecold, E. Goi and F. Orsi, Assessing a candidate IIA dual to metastable supersymmetry-breaking, JHEP 1202 (2012) 019 [1108.1789].

[12] J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet, T. Wrase and M. Zagermann, The problematic backreaction of SUSY-breaking branes, JHEP 1108 (2011) 105 [1105.4879].

[13] J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet, T. Wrase and M. Zagermann, (Anti-)Brane backreaction beyond perturbation theory, JHEP 1202 (2012) 025 [1111.2605].

[14] S. Massai, A Comment on anti-brane singularities in warped throats, 1202.3789.

[15] A. Dymarsky, On gravity dual of a metastable vacuum in Klebanov-Strassler theory, JHEP 1105 (2011) 053 [1102.1734].

[16] J. Blaback, U. H. Danielsson and T. Van Riet, Resolving anti-brane singularities through time-dependence, 1202.1132.

[17] J. Polchinski and M. J. Strassler, The String dual of a confining four-dimensional gauge theory, hep-th/0003136.

[18] I. Bena, G. Giecold, M. Grana, N. Halmagyi and S. Massai, The backreaction of anti-D3 branes on the Klebanov-Strassler geometry, 1106.6165.

[19] I. Bena, G. Giecold, M. Grana, N. Halmagyi and S. Massai, On Metastable Vacua and the Warped Deformed Conifold: Analytic Results, 1102.2403.

[20] S. Kuperstein and J. Sonnenschein, Analytic nonsupersymmtric background dual of a confining gauge theory and the corresponding plane wave theory of hadrons, JHEP 0402 (2004) 015 [hep-th/0309011].

[21] P. McGuirk, G. Shiu and Y. Sumitomo, Non-supersymmetric infrared perturbations to the warped deformed conifold, Nucl.Phys. B842 (2011) 383–413 [0910.4581].

[22] O. DeWolfe, S. Kachru and M. Mulligan, A Gravity Dual of Metastable Dynamical Supersymmetry Breaking, Phys.Rev. D77 (2008) 065011 [0801.1520].

[23] V. Borokhov and S. S. Gubser, Nonsupersymmetric deformations of the dual of a confining gauge theory, JHEP 0305 (2003) 034 [hep-th/0206098].

[24] I. Bena, The M theory dual of a three-dimensional theory with reduced supersymmetry, Phys.Rev. D62 (2000) 126006 [hep-th/0004142].

[25] I. Bena and N. P. Warner, A Harmonic family of dielectric flow solutions with maximal supersymmetry, JHEP 0412 (2004) 021 [hep-th/0406145].

[26] H. Lin, O. Lunin and J. M. Maldacena, Bubbling AdS space and 1/2 BPS geometries, JHEP 0410 (2004) 025 [hep-th/0409174].

[27] I. Bena and A. Nudelman, Warping and vacua of (S)YM(2+1), Phys.Rev. D62 (2000) 086008 [hep-th/0005163].

[28] I. Bena and D. Vaman, The Polarization of M5 branes and little string theories with reduced supersymmetry, JHEP 0111 (2001) 032 [hep-th/0101064].

[29] K. Pilch and N. P. Warner, N=2 supersymmetric RG flows and the IIB dilaton, Nucl.Phys. B594 (2001) 209–228 [hep-th/0004063].

[30] J. Blaback, U. H. Danielsson, D. Junghans, T. Van Riet, T. Wrase and M. Zagermann, Smeared versus localised sources in flux compactifications, JHEP 1012 (2010) 043 [1009.1877].

[31] B. Janssen, P. Meessen and T. Ortin, The D8-brane tied up: String and brane solutions in massive type IIA supergravity, Phys.Lett. B453 (1999) 229–236 [hep-th/9901078].

[32] S. B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxes in string compactifications, Phys.Rev. D66 (2002) 106006 [hep-th/0105097].