Published by Institute of Physics Publishing for SISSA/ISAS Received: June 12, 2002 Accepted: July 12, 2002

Dynamical decay of brane-antibrane and dielectric brane

Koji Hashimoto

Institute of Physics, University of Tokyo Komaba, Meguro-ku, Tokyo 153-8902, Japan E-mail: koji@hep1.c.u-tokyo.ac.jp

Abstract: Using D-brane effective field theories, we study dynamical decay of unstable brane systems: (i) a parallel brane-antibrane pair with separation l and (ii) a dielectric brane. In particular we give explicitly the decay width of these unstable systems, and describe how the decay proceeds after the tunnel effect. The decay (i) is analysed by the use of a tachyon effective action on the Dp-Dp. A pair annihilation starts by nucleation of a bubble of a tachyon domain wall which represents a throat connecting these branes, and the tunneling decay width Γ is found to be proportional to ∼ exp(−l^{p+1}T_{Dp}). We study also the decay leaving topological defects corresponding to lower-dimensional branes, which may be relevant for recent inflationary braneworld scenario. As for the decay (ii), first we observe that Dp-branes generically “curl up” in a nontrivial RR field strength. Using this viewpoint, we compute the decay width of the dielectric D2-branes by constructing relevant euclidean bounce solutions in the shape of a funnel. We also give new solutions in doughnut shape which are involved with nucleation of dielectric branes from nothing.

Keywords: D-branes, Brane Dynamics in Gauge Theories, Tachyon Condensation, String Field Theory.

© SISSA/ISAS 2002 http://jhep.sissa.it/archive/papers/jhep072002035 /jhep072002035 .pdf

Contents

1. Introduction 1

2. Decay of dielectric brane 3 2.1 Introductory remarks 3 2.2 Curled-up branes and reformulation of dielectric effect 5 2.3 Nucleation and expansion of spherical Dp-brane 8 2.4 Decay width of dielectric D2-brane 10 2.5 Nucleation of dielectric brane from nothing 14

3. Decay of brane-antibrane 15 3.1 Introductory remarks 15 3.2 Naive prospect 17 3.3 Description of brane-antibrane by tachyon field 18 3.4 Decay width of brane-antibrane 20 3.4.1 Coleman’s computation in arbitrary dimension 20 3.4.2 Application to ours 21 3.5 Inclusion of scalar field 23 3.6 Annihilation leaving topological defect 26 3.7 Decay of D0-D0 27

4. Conclusion 29

A. BSFT corrections to the tachyon potential 30

B. Noncommutative solitons 32

1. Introduction

Recently, the importance of unstable brane systems has been recognised widely. One of the most successful utilization of the unstable brane systems was Sen’s conjectures [1] which enable one to study the classification of the D-branes by K-theories and to define new open string field theories, via tachyon condensation. However, most of the tachyon condensation considered in the literatures have been static. The next step toward obtaining information on the determination of the true vacuum of string/M theory may be to analyse and understand the time-dependent dynamics of the decay of the unstable brane systems.

– 1 –

The main obstacles to progress along this important direction is that string theory contains infinite number of field degrees of freedom. The recent observation of “rolling tachyon” by A. Sen [2] has picked up an open string tachyon field in unstable brane systems, and studied how the homogeneous tachyon rolls down the potential. There the initial conditions of the tachyon field became important. However, it might be plausible to consider the situation where the decay starts from a false vacuum, and a quantum tunneling provides a classically unstable initial condition, then the unstable mode rolls down the potential hill.^1

In this paper, we investigate two typical unstable systems which are classically stable but cause a decay through the tunnel effect: (i) a Dp-brane and an anti-Dp-brane located in parallel with separation l, and (ii) dielectric branes [4] in constant Ramond-Ramond (RR) field strength. These brane systems are nonperturbatively unstable and decay through the quantum tunneling. As for (i), the parallel branes are expected to nucleate a throat bridge which connects these two branes by the tunnel effect, and then this throat expands to sweep out the brane-antibrane pair. Concerning (ii), the dielectric brane (which is classically stable) instantly expands to form a larger spherical D-brane which is classically unstable, and then the large spherical brane starts expanding gradually due to its classical instability. The situations (i) and (ii) are similar to each other as for the processes of the decay, although the description of these branes are completely different. The situation (i) is described by the condensation of the tachyon field coming from open strings connecting the brane and the antibrane, while the situation (ii) is described by the Dirac-Born-Infeld (DBI) action of the dielectric brane in the constant RR field strength. However, we will find their similarity in the analysis of the decay.

This paper is organised as follows. The paper consists of two parts which are almost independent of each other. The first part (section 2) treats the decay of the dielectric branes, and the second part (section 3) deals with the decay of the brane-antibrane. The second part uses the implication from section 2. Each part has introductory remarks.

In section 2, we observe that the branes in the background RR field strength are generically curled up, and utilizing this coordinate choice for the brane worldvolume we compute the decay width of the dielectric branes. The relevant bounce configuration in the euclidean target space is found to be a funnel-shaped. In addition, another new doughnutshaped branes are found to describe the bounce solution for nucleating a dielectric brane from nothing.

In section 3, first we construct an action of the tachyon field theory on the braneantibrane separated by l. Then we obtain the bounce solution by following Coleman’s method to give the decay width. By checking the scalar field configuration on this tachyon bounce background we find an evidence for that the bounce solution is actually describing a throat connecting the brane and the antibrane. We apply this method also to find the width of the decay with leaving lower dimensional stable D-branes as topological defects. This may be relevant for the recent inflationary braneworld scenario. We also consider the D0-brane anti-D0-brane decay by combining and generalizing the results of section 2.

1See [3] for recent progress on the spontaneous symmetry breaking called tachyon preheating.

– 2 –

We conclude with several remarks and comments on the future directions in the final section. The appendices A and B treat two topics: how the tachyon potential found in section 2 is corrected to the higher order in the framework of the boundary string field theory (BSFT), and how the introduction of the non-commutativity induces stable noncommutative solitons on the brane-antibrane.

2. Decay of dielectric brane

2.1 Introductory remarks

It is well known that D-branes and strings can decay via the tunnel effect in the background of the constant R-R field strength [5, 6, 7]. Along similar argument, one can find that the Myers’ dielectric brane can decay via the tunnel effect. The final aim of this section is to compute the decay rate of the dielectric branes for a given background and a given number of constituent D0-branes in the dielectric brane.

To see that the dielectric branes can decay, let us briefly review what was discussed by R.C. Myers in [4]. The effective action describing a Dp-brane in the flat target space metric with a nontrivial RR gauge field background is^2 S = T_{Dp} ∫ dtd^px [ − √ − det(η_{μν} + ∂_μX^i∂_ν X^i + 2πα^′F_{μν} ) + C(X) ] (2.1)

where the worldvolume directions are specified by μ, ν = 0, 1, . . . , p and we have introduced the transverse scalar fields X^i with i = p + 1, . . . , 9. Considering especially a D2-brane and adopting a constant RR field strength

[dC]_{tijk} = { −2fϵ_{ijk} for i, j, k ∈ {1, 2, 3} 0 otherwise

(2.2)

we observe a stable spherical D2-brane configuration in the following way. Since the background is symmetric in the directions x^1, x^2, x^3, we may put a spherical symmetry ansatz for the worldvolume. Then the brane configuration is described only by the radius r. Turning on the magnetic field on the brane appropriately, one finds the energy of the spherical brane as E = T_{D2} [ A(S^2) √ r^4 + π^2α^{′2}N^2_{D0} − 2fV (S^2)r^3 ] , (2.3)

where A(S^p) and V (S^p) are the area of S^p with the unit radius and the volume of the region enclosed by that S^p, respectively. N_{D0} is the number of the D0-branes bounded in the spherical D2-brane, coming from the worldvolume gauge field. Myers found that by expanding the square root there exists a local minimum of the potential energy. One concludes that in the constant RR 4-form field strength N_{D0} D0-branes can expand and form a spherical bound state with a local D2-brane charge.

2We are following the notation of [4].

– 3 –

E/4πT_{D2}

r

× A × B −→

× A’ E/4πT^{D2}

r

× C

Figure 1: Potential energy for the spherical D2-brane with the magnetic flux on it. We chose N_{D0} = 1 in the unit α^′ = 1. The point A is a local minimum which corresponds to the dielectric brane. It decays by quantum tunneling to the larger spherical brane (B).

Figure 2: Potential energy with no magnetic flux. There is no local minimum except R = 0.

One can get the exact radius of the dielectric brane by finding the extrema of the potential energy (2.3),

r_M = √ 1 2f^2 − √ 1 4f^4

− π^2α^{′2}N^2_{D0} . (2.4)

The energy (2.3) is plotted in figure 1. One can easily find that this radius of the dielectric branes is merely a local minimum, and thus the dielectric branes can decay via the tunnel effect to form a larger sphere which is classically unstable and thus expands. Another extremum is given by the radius

r_{top} = √ 1 2f^2 + √ 1 4f^4

− π^2α^{′2}N^2_{D0} . (2.5)

This radius corresponds to the top of the hill in figure 1 (the point A’). The potential height at that point may characterize the decay width of the dielectric D2-brane.

We understand that this tunnel effect occurs also with no initial D0-brane: for N_{D0} = 0, the local minimum is simply r = 0, thus nothing. It can decay by producing a large spherical D2-brane. The energy potential is shown in figure 2. This is a generalization of Schwinger process [8], nucleation of an electron-positron pair in a constant electric field.^3 This phenomenon is not limited to the D2-brane case. For any constant RR background F^{(p+2)}, a spherical Dp-brane formation occurs, and it expands so as to decrease the energy of the background RR-form. The width of the decay by this spherical brane formation was obtained in [11]. If the target spacetime dimension is p + 2, the spherical brane sweeps out the RR background, although in this paper we will not consider this kind of back reaction.

In the following subsections, we introduce a description (a choice of the worldvolume parametrization) which is useful to describe Dp-branes in the relevant background RR fields. This new description enables us to compute the decay width of the dielectric branes.

3Nucleation of a monopole-antimonopole pair was studied in [9], and a generalization to a spherical membrane can be found in [10].

– 4 –

2.2 Curled-up branes and reformulation of dielectric effect The constant background RR field strength which we consider in this section is, for a given p, [dC]_{ti1···ip+1} = { −2fϵ_{i1···ip+1} for i_n ∈ {1, 2, . . . , p + 1} 0 otherwise

(2.6)

This is solved in a certain gauge as

C_{012···p} = 2fX^{p+1} . (2.7)

In this background, Dp-branes are expected to be polarized to form a sphere S^p. However, we shall not assume the spherical symmetry of the brane configuration in the target space. Instead, the worldvolume gauge choice

t = T , x^1 = X^1 , . . . , x^p = X^p (2.8)

which is usual will be more useful in the following.

We turn on only a single scalar field X ≡ X^{p+1}. Then the D-brane action (2.1) in the background (2.6) becomes S = T_{Dp} ∫ dtd^px [ − √ − det(η_{μν} + ∂_μX∂_ν X) + 2fX ] . (2.9)

Here we turn off the worldvolume gauge field for simplicity. One can see that for the constant RR field strength we have the linear gauge potential for the Chern-Simons term of the action.

Assuming that the scalar field depends only on the distance from the worldvolume origin, r ≡ √ (x^1)^2 + · · · + (x^p)^2, the static action is written as S = −T_{Dp} ∫ dtA(S^p) ∫ r^{p−1}dr [√ 1 + (∂_rX)^2 − 2fX ] . (2.10)

Then the equations of motion reads 2fr^{p−1} + ∂_r ( r^{p−1}∂_rX √ 1 + (∂_rX)^2 ) = 0 . (2.11)

This can be integrated easily and one finds ∂_rX √ 1 + (∂_rX)^2 = − 2fr p + c_1 r^{p−1} (2.12)

where c_1 is an integration constant. This parameter c_1 will be important for evaluating the decay width of the dielectric branes. In this and the next subsections we put c_1 = 0 since we need no scalar charge. For vanishing c_1, we obtain ∂_rX = −^{2f}_p r √ 1 −^{4f 2}_{p2} r^2

. (2.13)

Immediately it is found that there is a critical radius r = r_0 ≡ |p/2f| at which ∂_rX diverges. Therefore the solution is defined only interior the disk whose radius is r_0. Integrating the

– 5 –

Figure 3: A curled-up brane in the background constant RR field strength with negative f.

Figure 4: A curled-up brane with positive f.

equation (2.13), we obtain a brane configuration X = ∫_r r_0 dr ∂_rX = { √ r^2_0 − r^2 for f > 0 , − √ r^2_0 − r^2 for f < 0 .

(2.14)

This is precisely a hemisphere, as shown in figure 3 and figure 4. The D-brane is “curled up” due to the constant RR field strength background. This hemisphere is to be understood as a part of a complete sphere. To form a complete sphere, we need both solutions of f > 0 and f < 0, to join them together. The reason why the sign of the RR field flips is that in our worldvolume coordinate choice the orientation of the lower hemisphere is opposite to that of the upper hemisphere. This is a kind of a pair of a brane and an antibrane. This joining is somewhat similar to what has been found in the decay of the brane-antibrane pair in [12, 13] in which two volcano-shaped branes are combined to form a “throat” connecting a brane and an antibrane.

The result is of course consistent with the configuration obtained with the spherical ansatz in the previous subsection. In figure 2, there exists a sphere solution at the top of the potential hill (the point C in the figure). For p = 2, the critical radius r_0 agrees with the one from the spherical ansatz (2.5) with N_{D0} = 0.

How the branes are curled up depends on the background RR field strength. In the present case we have considered only the constant background, thus we have obtained the sphere which has a constant curvature of the worldvolume. This curvature depends on the value of the background RR field, thus for varying background some nontrivial shapes of the curled up branes are possible. We use this possibility to describe pair creation of D0-branes in the nontrivial RR background in section 3.7, by explicitly constructing a non-trivially curled-up euclidean worldline.

Let us generalize the above result to the dielectric branes on which the nontrivial magnetic flux is turned on. Consider a D2-brane action with the magnetic field in the constant RR field strength (2.2),

S = −T_{D2} ∫ dtdx^1dx^2 [√ − det(η_{μν} + ∂_μX∂_ν X + 2πα^′F_{μν} ) − 2fX ]

= −T_{D2} ∫ dtdx^1dx^2 [√ 1 + (∂_μX)^2 + 4π^2α^{′2}F^2_{12} − 2fX ] . (2.15)

– 6 –

We have already ignored the time dependence. Assuming the radially symmetric configuration with r ≡ √ (x^1)^2 + (x^2)^2, the equations of motion becomes

2fr + ∂_r r∂^rX √ 1 + (∂_rX)^2 + 4π^2α^{′2}F^2_{12} = 0 , ∂_r 2πα^′F^{12} √ 1 + (∂_rX)^2 + 4π^2α^{′2}F^2_{12} = 0 . (2.16) It is easy to integrate these equations as in the same manner. the result is ∂_rX √ 1 + (∂_rX)^2 + 4π^2α^{′2}F^2_{12} = −fr + c_1 r , 2πα^′F_{12} √ 1 + (∂_rX)^2 + 4π^2α^{′2}F^2_{12}

= c_2 . (2.17)

Here we have two integration constants c_1, c_2. Again, we simply put c_1 = 0 since the resultant configuration given below is consistent with the boundary condition (finiteness of the whole dielectric brane configuration). The second equation in (2.17) can be solved for F_{12}, giving a relation between X and F_{12} as

4π^2α^{′2}F^2_{12} = c_2^2 1 − c_2^2 ( 1 + (∂_rX)^2 ) . (2.18)

Substituting this into the first equation in (2.17), we obtain a (hemi-)spherical configuration X = √ r^2_0 − r^2 whose radius is given by

r_0 = √ 1 − c_2^2 |f| . (2.19)

Certainly, the vanishing of the magnetic field c_2 = 0 leads back to the previous result.

The total magnetic flux on the D2-brane is equal to the number of D0-branes. This induced D0-brane charge is expressed as

N_{D0} 2 μ_{D0} = μ_{D2} ∫ 2πrdr(2πα^′F ) = 2πμ_{D2} ∫_{r0} 0 rdr c_2 √ 1 − c_2^2 √ 1 + (∂_rX)^2

= μ_{D2} 2π f^2 c_2 √ 1 − c_2^2 . (2.20)

Here μ_{Dp} is the RR-charge of the Dp-brane which is equal to the Dp-brane tension T_{Dp} = ((2π)^pα^{′(p+1)/2}g)^{−1}. We have only half of the total charge, N_{D0}/2, since we made an integration over the hemisphere. Therefore we have

N_{D0} = c_2 √ 1 − c_2^2 πα^′f^2 . (2.21)

For a given background f and a D0-brane charge N_{D0}, it is easy to solve this relation for c_2. We have two solutions as

c_2^2 = 1 2 ± √ 1 4 − π^2α^{′2}N^2_{D0}f^4 . (2.22)

– 7 –

Both are in the region 0 < c_2 < 1. Substituting this into the radius formula (2.19), we see that the larger c_2 is reproducing the radius of the dielectric brane r_M(2.4), while the smaller one is giving the radius of the unstable solution r_{top} (2.5). Note that there is an upper bound for |N_{D0}|, for a given background f. The existence condition for dielectric branes is |N_{D0}| ≤ 1 2πα^′f^2

. (2.23)

2.3 Nucleation and expansion of spherical Dp-brane

For the preparation for the calculation of the decay width of the dielectric branes in the next subsection, we develop the technique of constructing a bounce solution relevant to the tunnel effect. The simplest setting is the vacuum decay, that is, nucleation of a spherical Dp-brane from nothing, in the background constant RR field strength. The computation of the decay width has been done already fifteen years ago by C. Teitelboim [11]. Here we reformulate his results in terms of our worldvolume coordinate choice for the later purpose. We find that our formulation also gives how the nucleated spherical brane decays for its expansion.

According to [14], the tunneling rate with the potential like figure 1 and figure 2 with a false vacuum is expressed as Γ = c exp[−S_E] , (2.24)

where S_E is the euclidean action for which the bounce solution of S_E is substituted. (The evaluation of the coefficient c can be found in [15] and we shall not evaluate it in this paper.) The bounce solution should be a solution with the highest symmetry of the euclidean action, thus it would be invariant under the p + 2 dimensional spacetime rotation. This indicates that the bounce configuration of the euclidean Dp-brane (whose worldvolume is euclidean and p + 1 dimensional) is S^{p+1}. Let us study this in our language.

It is obvious that the curled-up branes formulated in the previous sections can be found in the same manner in the euclidean space. The brane configuration of an euclidean Dp-brane in the constant RR p + 2-form field strength (2.6) is governed by^4

S_E = T_{Dp} ∫ dτd^px [√ det(δ_{μν} + ∂_μT ∂_ν T + 2πα^′F_{μν} ) − 2fT ] (2.25)

where T is the fluctuation along the euclidean time direction in the target spacetime, and we took the worldvolume coordinate along the spatial directions as before. τ is the worldvolume euclidean time. We have assumed that the other scalar fields are vanishing.

For no worldvolume gauge fields turned on, the situation is completely same as what have been studied in section 2.2. The only difference is the dimension. For the decay with the formation of the spherical Dp-brane in the background p + 2 form constant field strength, the relevant bounce solution is S^{p+1} while the static configuration studied in section 2.2 was S^p.

4The euclidean action is obtained by the following redefinition: the world sheet time t → iτ , the target space time T → iT , the action S → −iSE. Note that in this redefinition the RR gauge field transforms as a covariant tensor, Ct12···p → −iCτ 12···p.

– 8 –

Following section 2.2, the euclidean action

S_E = T_{Dp} ∫ dτd^px [√ det(δ_{μν} + ∂_μT ∂_ν T ) − 2fT ] (2.26)

can be solved easily. For simplicity, we assume f > 0 in the following. The solution is a p + 1 dimensional hemisphere, T = √ r^2_0 − r^2 , r_0 ≡ p + 1 2f (2.27)

where r ≡ √ τ^2 + (x^1)^2 + (x^2)^2 + · · · + (x^p)^2. Then, the action evaluated is the same form as what has been found in [11]:

2S_E = A(S^{p+1})r^{p+1}_0 − 2fV (S^{p+1})r^{p+2}_0 . (2.28)

Here the multiplication factor 2 is for the enveloping of two hemispheres. Using a relation A(S^{p+1}) = (p + 2)V (S^{p+1}), we can see that this r_0 (2.27) is what makes the action (2.28) be maximized.

The effect of our coordinate choice appears in the calculation of the brane decay after the nucleation. The expansion is due to the potential in figure 2, since the nucleation radius (p + 1)/2f (2.27) is larger than the radius at the top of the hill p/2f. Hence the configuration rolls down the hill toward the infinite radius.

The minkowskian action is given as S = T_{Dp} ∫ d^{p+1}ξ [ − √ − det(η_{MN} ∂_aΦ^M ∂_bΦ^N ) + C(Φ) ] . (2.29)

We introduce a space-like parametrization of the worldvolume coordinates as before, by choosing a gauge ξ^1 = X^1 , . . . , ξ^{p+1} = X^{p+1} . (2.30)

This turns out to be useful for solving the equations of motion. We switch on only the fluctuation scalar for the target space time direction T . Then the action is reduced to S = T_{Dp} ∫ A(S^p)r^pdr [√ −1 + (∂_rT )^2 − 2fT ] . (2.31)

The equations of motion can be integrated in the same manner, giving ∂_rT √ −1 + (∂_rT )^2 = 2f p + 1 r + c_3 r^p . (2.32)

As we will see shortly, the boundary condition at the nucleation time can be satisfied with the integration constant c_3 = 0. Then we have ∂_rT = 2f p+1 r √ −1 +^{4f 2}_{(p+1)2} r^2

. (2.33)

– 9 –

T = 0 −→

T

} euclidean evolution minkowskian evolution

Figure 5: Nucleation of a spherical D-brane and its expansion. This figure is especially for the decay of a circular D-string (p = 1) in the background RR 3-form field strength.

Thus, appropriately choosing the zero of the time, we have the brane configuration

T = √ r^2 −

(p + 1)^2

4f^2

. (2.34)

In the above expression, the radius is r = √ (X^1)^2 + · · · + (X^{p+1})^2, as understood from the gauge choice (2.30). Therefore this equation shows that the shape of the solution is the hyperboloid in the target space. At r = r_0 = (p+1)/2f, the initial velocity of the bubble is zero, as should be satisfied from the continuity condition with the nucleation radius (2.27). The bubble expands with the speed approaching that of light.

How the decay proceeds is shown in figure 5. The lower half of the figure is the nucleation part evolving in the euclidean time, and the upper half is the expansion of the brane while the minkowskian time. The picture is just like the birth of inflationary universes [16].

2.4 Decay width of dielectric D2-brane

Now we are ready to study the decay of a dielectric D2-brane. The relevant bounce configuration should satisfy the following conditions:

• The initial boundary condition is a static spherical D2-brane with magnetic flux and the radius (2.4).

• The highest symmetry is SO(3), thus the bounce configuration must be invariant under this.

• The final boundary condition is a spherical D2-brane whose radius is larger than the radius of the top of the hill, (2.5).

In the situation of the previous subsection, one needs no initial brane configuration and no magnetic flux, thus the symmetry was SO(4) and the brane configuration was

– 10 – a hemisphere. However, this time, S^2 of the dielectric D2-brane (the initial boundary condition) should be smoothly connected in the euclidean spacetime. Hence the total shape of the solution must be a funnel.^5

Let us start with the euclidean D2-brane action in the gauge chosen as before, (2.30). The action is

S_E = T_{D2} ∫ d^3ξ [√ det(δ_{μν} + ∂_μT ∂_ν T + 2πα^′F_{μν} ) − 2fT ] , (2.35)

where μ, ν = 1, 2, 3, and T is the scalar field representing the displacement along the euclidean time direction. Turning on the gauge fields, we have

S_E = T_{D2} ∫ d^3ξ [√ 1 + (∂_iT )^2 + 4π^2α^{′2}B^2_i + 4π^2α^{′2}(B_i∂_iT )^2 − 2fT ] . (2.36)

Since now the worldvolume is the euclidean 3 dimensional space, the gauge field strength was arranged into a magnetic field. As mentioned before, the symmetry ansatz adopted here is SO(3), thus the Bianchi identity ∂_iB_i = 0 is solved as 2πα^′B_i = ∂_i ( −c_5 r ) , (2.37)

where r ≡ √ (ξ^1)^2 + (ξ^2)^2 + (ξ^3)^2. Using this magnetic field configuration, we need only to solve the equation of motion for T :^6 ∂_i ∂^iT + 4π^2α^{′2}B^i(B^j∂^j T ) √ 1 + (∂_iT )^2 + 4π^2α^{′2}B^2_i + 4π^2α^{′2}(B_i∂_iT )^2

= −2f . (2.39)

This can be integrated as

∂_rT + 4πα^{′2}B_r(B_r∂_rT ) √ 1 + (∂_rT )^2 + 4πα^{′2}B^2_r + 4πα^{′2}(B_r∂_rT )^2 = − 2f 3 r + c_4 r^2

, (2.40)

where c_4 is the integration constant which we shall not put zero this time. Substituting the solution of B_i (2.37), we obtain an expression for the solution T as ∂_rT = −^{2fr}_3 +^{c4}_{r2} √ 1 −^{4f 2r2}_9 +^{4fc4}_{3r} +^1_{r4} (c_5^2 − c_4^2)

. (2.41)

5Although this funnel looks similar to what has been investigated in [6, 7] which is called “spherical bulge”, the crucial difference from ours is the dimensionality and the branes considered. In those papers, the decay of a fundamental string into a toroidal D2-brane with gauge flux was considered. Due to their assumption of homogeneous nucleation along the string, their argument has different dimensionality.

6The reason why we need not to solve the gauge field equations of motion is as follows. Let us introduce a Lagrange multiplier field χ which has another meaning of a magneto-static potential [17], as L = f(Bi, ∂iT ) − Bi∂iχ . (2.38) Then we can regard the magnetic field Bi as an independent field free from the Bianchi identity. Solving the equations of motion for Bi and substitute it back to the original action, that is, performing the Legendre transformation, the resultant lagrangian will be ~L = g(∂iT, ∂iχ). However, the equations of motion for this χ is just the Bianchi identity ∂iBi = 0. Therefore, since we have solved this under the SO(3) symmetry ansatz, we only need to solve the equations of motion for T .

– 11 –

Before evaluating the action using this solution, let us investigate the meaning of the integration constants appearing in the solution. First, the magnetic field characterized by the monopole charge c_5 is expected to be related with the D0-brane charge induced on the dielectric brane. In our case, the dielectric brane is an initial state, and in the bounce solution above, this must be a fixed euclidean time slice T = T_0. Because we adopt the rotational symmetry, this euclidean time slice should corresponds to a certain fixed radius r = r_M in the worldvolume, through the solution (2.41). Therefore, the D0-brane charge can be evaluated from the magnetic field as

N_{D0}μ_{D0} = μ_{D2} ∫ r=r_M 2πα^′F_{ij} 1 2 dx^i ∧ dx^j = 4πc_5μ_{D2} . (2.42)

Thus N_{D0} = 1 πα^′ c_5 . (2.43) Another integration constant c_4 can be determined from the initial boundary condition.

Observe that for a given f and a given N_{D0}, ∂_rT of the solution (2.41) diverges at two distinct radii r_1 and r_2 (r_1 < r_2). This can be seen explicitly in numerical evaluation. Therefore, the solution (2.41) is actually a funnel-type which connects two S^2’s smoothly along the euclidean time direction. One can see this more concretely by integrating the expression (2.41) by r. The result is shown in figure 6 and figure 7. The smaller radius r_1 must be the radius of the dielectric brane r_M which is given in (2.4). Hence the equation ∂_rT = ∞ (which is equivalent to the divergence of the denominator of (2.41)) should be satisfied with r = r_1 ≡ r_M, as

(c_4)^2 + c_4 ( −4fr^3_M 3 ) + 4f^2r^6_M 9 − r^4_M − c_5^2 = 0 . (2.44)

Interestingly, two solutions for c_4 of this equation are positive and negative, respectively. This can be seen from the fact that if we substitute c_4 = 0 on the left hand side of (2.44) it is always negative. For the negative c_4, T (r) is monotonically decreasing as seen from (2.41), and we obtain a funnel-type brane configuration for the bounce, as shown in figure 6 and 7. (Note that our funnel is upside-down, since we have assumed f > 0 for simplicity. In fact, this choice of the orientation of the funnel helps one to compute the Chern-Simons term of the euclidean action.) On the other hand, if c_4 is positive, ∂_rT is positive for small r and becomes negative for large r. In this case there is a turning point for a certain r, and this results in an interesting brane configuration. In the next subsection, this solution is identified with the bounce solution for the nucleation of a dielectric brane from nothing.

In this subsection we use the negative solution for c_4. Note that, using this c_4 we can solve the equation ∂_rT = ∞ and get another solution of r_2 which is different from r_M. This radius is that of the nucleated spherical D2-brane, and at that radius the expansion starts. In addition, this nucleated large spherical D2-brane has the same D0-brane charges as that of the original dielectric brane with r = r_M , since the computation (2.42) can be performed independent of its radius. Thus, we can say that throughout this nucleation and decay the charge of the D0-branes are conserved. The expansion is dictated by a hyperboloid worldvolume as in figure 5. The original D0-branes are brought away to the spatial infinity.

– 12 –

Figure 6: The bounce solution relevant for the decay of the dielectric brane with N_{D0} = 1 in the background f = 0.2 in the unit 2πα^′ = 1. Note that this figure must be understood as upside-down.

Figure 7: The bounce solution for different background f = 0.6. The radius of the spout of the funnel is the same as that of figure 6, though the radius of the expanded large sphere is different due to the difference of the background RR field strength.

Figure 6 indicates that the solution of this funnel type is actually a combination of the curled-up brane and a spike. For a large r, the brane configuration approaches to a hemisphere, while for a small r the brane configuration can be approximated by a spike, or rather to say, a throat (volcano) solution of a D3-brane found in [12]. Here we have added newly the magnetic field, thus this throat part is a generalization of the solution constructed in [13] which is electrically charged.

The equation (2.41) can be integrated as T = ∫_r r_D dr −^{2fr}_3 +^{c4}_{r2} √ 1 −^{4f 2r2}_9 +^{4fc4}_{3r} +^1_{r4} (c_5^2 − c_4^2)

, (2.45)

where we have used the boundary condition T (r_2) = 0 to fix zero of time. The euclidean action is then evaluated as

S_E = T_{D2} ∫_{r2} r_M 4πr^2dr 1 +^{c5} 2 r^4 √ 1 −^{4f 2r2}_9 +^{4fc4}_{3r} +^1_{r4} (c_5^2 − c_4^2) − 2fT . (2.46)

Note that in order to obtain the decay width we have to subtract the original action of the dielectric brane. Finally the decay width is given by

Γ ∝ exp (− [2S_E − 2T (r_M)E_{dielectric}]) (2.47)

where E_{dielectric} = 4πT_{D2} √ r^4_M + π^2α^{′2}N^2_{D0} . (2.48)

– 13 –

N_{D0} = 0 −→

N_{D0} = 1 −→

N_{D0} = 5 −→

E/(4πT_{D2})

r

Figure 8: The energy potential (2.3) for various D0-brane charges (N_{D0} = 0, 1, . . . , 5). The background field strength is fixed (f = 0.4 in the unit 2πα^′ = 1).

Here the factor 2 in (2.47) is coming from the enveloping as before. T (r_M) in front of E_{dielectric} is the “height” of the configuration in the euclidean spacetime. Note that there is no potential term for E_{dielectric}. This is because the potential energy from the background for the dielectric brane was already subtracted in the expression (2.46) since the integration region in (2.46) starts from r_M, not from 0.

To give an analytic expression for the decay width is difficult, thus here we shall give some numerical results. In the unit 2πα^′ = 1, the decay width depending on the background RR field strength is give as follows. For N_{D0} = 1, the magnitude of the exponent in the decay width formula (2.24) is given as

f 0.99 0.9 0.8 0.6 0.4 0.2 0.1 0.01 −exponent/T_{D2} 0.129 3.074 9.650 45.89 213.1 1988 16466 1.6653×10^7

Note that f = 1 in the unit 2πα^′ = 1 is the critical value for the existence of the dielectric brane with N_{D0} = 1, see (2.23). For comparison, we give the results for N_{D0} = 0 as

f 0.99 0.9 0.8 0.6 0.4 0.2 0.1 0.01 −exponent/T_{D2} 17.16 22.85 32.53 77.11 260.2 2081 16655 1.6655×10^7

The results lead us to the following observation: existence of D0-branes makes the decay easier. This is very natural, since the potential barrier in the tunneling is lower for a larger number of D0-branes. The form of the potential for the dielectric branes with various D0-brane charges is shown in figure 8.

2.5 Nucleation of dielectric brane from nothing

In this subsection let us briefly discuss what is the positive c_4 solution of (2.44). As mentioned in the previous subsection, for the positive c_4, the derivative of the field T has two regions: a certain value r_c exists with which in the region r_M < r < r_c, ∂_rT is positive, while in the region r_c < r < r^′_2, ∂_rT becomes negative. This r^′_2 is the solution of the equation ∂_rT = ∞ with given positive c_4.

The shape of the euclidean brane configuration is given in figure 9. The shape is interesting by itself, a half slice of a doughnut surface. If we envelop it with the other

– 14 – half, then we obtain a complete doughnut surface. Note that the heights of the two S^p’s at r = r_M and r = r^′_2 may not be the same. A numerical computation generically indicates the heights are in the relation T (r_M ) − T (r^′_2) > 0. This means, in figure 9 where we plot the half doughnut brane upside-down, the central peak is lower than the surrounding edge of a hemisphere. Thus to obtain a consistent doughnut after the enveloping, that is, to adjust two heights, one has to add a time-independent dielectric brane of the euclidean time length T (r^′_2) − T (r_M ) on top of the central peak whose shape is a small S^2 at r = r_M . This additional configuration would be shown as a cylinder in figure 9. On the other hand, the brane configuration obtained here may be understood again as a combination of the curled-up brane and a spike (throat). The orientation of the curled-up brane is opposite to the one given in the previous subsection.

The interpretation of this configuration is much ↑ −T

Figure 9: A bounce solution for a positive c_4 representing a nucleation of a dielectric brane and a large spherical brane. In this figure we plot −T (r) in order to show inside the doughnut. We have chosen f = 0.5 and N_{D0} = 1.

more interesting. This bounce solution represents nucleation of a pair of spherical branes, as seen from its euclidean time slice. Two spherical branes necleated have the radii r = r_M and r = r^′_2, and the former is a dielectric brane with the D0-brane charge −N_{D0} while the latter is a spherical brane which is about to decay, with an opposite D0-brane charge N_{D0}. The reason why the former brane has the negative D0-brane charges is that the orientation of this brane surrounding the origin r = 0 is opposite to the latter. Since the computation (2.42) does not depend on the radius to be used, the total D0-brane charge is conserved.

The outer spherical D2-brane would decay promptly with expansion, while the inner dielectric brane is meta stable and thus remain for a while. Since we have not considered the back reaction of the whole system, this dielectric brane is metastable, however if the whole system were in a 3 dimensional target space then the expansion of the outer brane may sweep out the background RR field and then the inner brane may collapse to form point-like N_{D0} D0-branes.

The computation of the decay width is straightforward, and we shall not give it here. Naively this decay rate must be slightly larger than the ordinary decay with no D0-brane charge given in section 2.3. In section 3.6, a similar situation will be found, where a pair of a brane and an antibrane decays with leaving a lower-dimensional branes.

3. Decay of brane-antibrane

3.1 Introductory remarks The philosophy that all the brane physics in string theory can be deduced from braneantibrane pairs via tachyon condensation has been supported successfully in K-theory and Sen’s conjecture [1]. On the basis of this, the investigation of the physics of the braneantibrane system is now promoted to the dynamical level; that is, understanding of the

– 15 –

D5 D5 D5

D5

Figure 10: An example configuration in which the asymptotic distance between the brane and the antibrane is fixed. Four vertical lines are D5-branes on which the D3- brane and the anti-D3-brane have ends.

Figure 11: The “throat” which connects the brane and the antibrane is formed. The decay proceeds with the expansion of the radius of this throat.

dynamics of the tachyon decay. Since the annihilation of the brane-antibrane pairs is utilized for constructing cosmological inflation models of the braneworld [18], it is of importance to study how branes annihilate with antibranes in various situations in string/M theory.

Most of the study on the annihilation for the cosmological models has been made by use of the gravitational force between the branes. On the other hand, it has been reported that brane-antibrane pair can decay in another way: through the tunnel effect by creation of a throat between the brane and the antibrane [12, 13]. If the branes are free to move in the space, the time scale of the gravitational approach for the decay is much smaller than that of the decay via the tunnel effect, as noted in [12]. However, we place emphasis on the point that the final stage of the brane-antibrane decay must be the tachyon condensation since the pair annihilation and the vanishing of the tension are dictated by the tachyon condensation. Furthermore, there are certain situations where the latter time scale is dominant. Consider a brane configuration in which the asymptotic locations of the brane and the antibrane are fixed in such a way that the distance between the two cannot change (figure 10). Then these branes cannot approach each other by the gravitational force, hence the dominant time scale for the decay may be by the nucleation of the throat and the expansion of the throat to make the brane-antibrane vanish (see figure 11).

The decay of unstable systems through the tunnel effect may be characterized by the height of the potential barrier. In the decay of the brane-antibrane, the top of the potential must be a non-trivial brane configuration. (For the decay of the dielectric brane, this is the spherical brane configuration of the point A’ in figure 1.) This was explicitly constructed in [12, 13], and called sphaleron solutions.^7 These sphalerons were solutions in the Born- Infeld-Higgs system on a single D-brane. The scalar field configuration of their solution shows a shape of a volcano, a “half” of the throat attached to the body of the flat D-brane.

7This is used in a broad sense, and slightly different from the original definition of the sphalerons [19].

– 16 –

However, as mentioned, the main contribution to the brane-antibrane decay must be the condensation of the tachyon which comes from an excitation of a string connecting the brane and the antibrane. In this section, we reconsider this formation of the throat from the viewpoint of the tachyon condensation. The formation of the throat is the result of the quantum tunnel effect. We investigate this tunnel effect and compute its probability, by using the effective field theory of the tachyon fields living on the brane-antibrane. We show the existence of a bounce solution in the tachyon field theory, and the brane configuration formed by this bounce solution as its final state is found to be a throat-like. Inside the throat, the tachyon sits at the true vacuum known as the closed string vacuum, thus there is no brane there. The throat itself is a spherical bubble made of a domain wall. Outside the bubble the tachyon expectation value is zero, thus the brane and the antibrane has not vanished yet there. After the nucleation of the throat, the tachyon configuration “rolls down” the potential hill.^8

The analysis in this section proceeds in the following way. First, we derive the action of the relevant tachyon system of the separated brane-antibrane. We find that the parallel brane-antibrane corresponds to a false vacuum (a local minimum of the tachyon potential) of the tachyon field theory. We apply Coleman’s method for describing the decay of the false vacuum via the tunnel effect, and construct a relevant bounce solution for the euclidean tachyon field theory. We show that the euclidean action evaluated with this bounce solution is reproducing a naive energy of a throat of the euclidean brane computed by its tension times the area (volume). The radius R_0 of the throat of the bounce solution is at the order of the brane separation, R_0 ∼ l. Interestingly, the energy of the throat is very similar to what was found in section 2.3. Instead of the background RR field strength f in section 2.3, here we have the brane separation parameter l. The correspondence is almost l ∼ f^{−1}. We may use this similarity to argue how the decay proceeds after the nucleation of the throat.

3.2 Naive prospect

Before going to the detailed study of the decay width using the tachyon condensation, here we shall give a naive estimation of the decay width. This naive prospect is based only on the tensions and shapes of the branes. Later we will see that this prospect coincides with the estimation by the tachyon condensation.

First, the tunnel effect is caused by the bounce solution which has the highest symmetry in the euclideanized theory and satisfies appropriate boundary conditions. In our case, starting from the parallel Dp-brane and anti-Dp-brane, we expect that the resultant brane configuration after the tunneling will be a throat connecting two flat branes. This is shown in figure 12. Therefore, the bounce solution should have the euclidean (p + 1)-dimensional worldvolume, and thus this bounce configuration is effectively a static configuration of a D(p+1)-brane. As shown in figure 12, the nucleated throat is found in the τ = 0 (euclidean) time slice. According to Coleman’s method which will be explained and generalized in detail in the next subsection, the decay width by this bounce solution is given by (2.24).

8This is inhomogeneous roll down which is different from the recent computation using a homogeneous ansatz [2].

– 17 –

In our case, as we stated before, the euclidean action which is to be substituted is just the euclidean worldvolume area times the brane tension. Thus, for the brane configuration given in figure 12, the action is given as

S_E = [ A(S^p)lR^p_0 − 2V (S^p)R^{p+1}_0 ] T_{Dp} = [ A(S^p)R^p_0 − 2l^{−1}V (S^p)R^{p+1}_0 ] T_{Dp}l . (3.1)

Note that the first term is the action of the throat

Figure 12: A naive expectation of the bounce solution. Here we draw a figure for p = 1. The throat is a cylinder, and it makes a hole in each euclidean D1- brane worldvolume. The thick lines denote a euclidean time slice τ = 0, which represents a nucleated throat between the two D1-branes.

whose section is S^p, and the second term is for two holes in the parallel brane-antibrane. The bounce solution must be the extremum of the action, thus we can determine the radius R_0 by δS_E/δR_0 = 0, which gives R_0 = p 2 l . (3.2)

Interestingly, the expression (3.1) is very similar to what we encountered in the evaluation of the action for the nucleation of the spherical branes in the constant RR field strength (2.28). This analogy will be checked further by confirming the expression (3.1) in the tachyon condensation in the following subsections. The intuition of the analogy will help us to find the decay width of the brane-antibrane while leaving a lower dimensional branes in section 3.6 and to understand how the decay proceeds after the nucleation of the throat.

3.3 Description of brane-antibrane by tachyon field

Let us state our situation more precisely: a Dp-brane and an anti-Dp-brane are sitting with a distance l, in parallel. If the distance l is large enough, then the tachyon mode between the two should go away, since the complex tachyon is coming from the string suspended between the two branes and thus that string acquire a mass lift when two branes are distant. In fact, the mass of the lowest excitation mode of the string connecting these branes is given by

m^2 = ( l 2πα^′ )_2 − 1 2α^′ . (3.3)

Therefore evidently this tachyonic mode becomes massive when the separation l becomes larger than √ 2π^2α^′.

However, intrinsically the system we are considering must be unstable, since if these two branes annihilate then the total energy of the system will decrease. Therefore, the stability of the separated brane-antibrane system considered above must be perturbative, and we expect that the true vacuum of the system will be obtained nonperturbatively.^9 Although

9Note that brane-antibrane system with an appropriate electro-magnetic field strength can be supersymmetric and hence stable. See [20].

– 18 – perturbative tachyon potential has been obtained from the string scattering amplitude in this background brane-antibrane [21], we need nonperturbative information on the tachyon potential. Fortunately, exact tachyon potentials have been computed in the boundary string field theory (BSFT) [22], and a part of Sen’s conjectures have been verified [23]. The tachyon effective field theories obtained as a derivative truncation of BSFT actions are found to reproduce a partial spectra of D-branes from tachyon defects [24]. We shall use this tachyon effective action for our investigation in the following.

In order to obtain the brane-antibrane configuration to be dealt with, first consider the D(p+1)-brane–anti-D(p+1)-brane on top of each other. The action is given by [25] as

S = T_{D(p+1)} ∫ d^{p+2}x e^{−|T |2} [ 1 + 2α^′|D_μT |^2 +

(πα^′)^2 4 (F^{(−)}_{μν} )^2 ] , (3.4)

where we employed the two-derivative truncation of the BSFT. The complex tachyon field T is charged under the gauge group U(1) associated with the gauge field

A^{(−)}_μ ≡ A^{D(p+1)}_μ − A^{antiD(p+1)} μ , (3.5)

and we ignored another combination of the gauge fields since it is irrelevant for our following discussion. Now, turn on the constant Wilson line A_{p+1} = A for this gauge field and take a T-duality along x_{p+1} axis. Then, the gauge field is mapped to the Higgs field which measures the distance between the two, and the distance is given by the absolute value of the Wilson line. If we neglect all the fields other than the tachyon field, then we obtain an action S = 2T_{Dp} ∫ d^{p+1}x e^{−|T |2} [ 1 + 2α^′|∂_μT |^2 + 2α^′A^2|T |^2 ] . (3.6)

It is very easy to see that this action has the desired properties discussed above. The potential term of this action has an expansion V (T ) = e^{−|T |2} [ 1 + 2α^′A^2|T |^2 ] = 1 + ( 2α^′A^2 − 1 ) |T |^2 + O(T^4) , (3.7)

Thus the mass for this tachyon field is given V (T )

T

Figure 13: Potential (3.7) with A = 2 and 2α^′ = 1.

by m^2 = A^2 − 1 2α^′ . (3.8)

One can see the precise correspondence between (3.3) and this equation, and we have A = l 2πα^′ . (3.9)

Furthermore, the above potential tells us that, if A is large enough then the system is perturbatively stable at T = 0, but the true vacuum of the system is lying at T = ∞ which is so-called closed string vacuum, i.e. where two D(p+1)-branes do not exist. The profile of the potential V (T ) is shown in figure 13.

– 19 –

From this respect, the annihilation of two distant branes is just the transition from the false vacuum T = 0 to the true vacuum T = ∞, through the potential barrier. Let us consider the properties of this potential barrier. The height of the potential is at T_{top} = √ 1 − 1/(2α^′A^2), and if we assume that l ≫ l_s ≡ √ α^′ where l_s is a string length, this is approximated by T_{top} ∼ 1. The potential hight at this point is V_{top} ∼ 2α^′A^2/e. Thus if the distance between the two branes become large, the potential barrier grows (as ∼ l^2). This is very natural. For a possible BSFT correction to this tachyon potential, see appendix A.

3.4 Decay width of brane-antibrane

3.4.1 Coleman’s computation in arbitrary dimension The prescription on how to compute the decay width of the false vacuum was given by S. Coleman [14]. Here we summarize his results [14, 26] and generalize it to the case of field theories with arbitrary spacetime dimensions. The system considered in [14] is a scalar field theory with an action S = ∫ d^{p+1}x [ − 1 2 (∂_μΦ)^2 + U(Φ) ] . (3.10)

Here we have generalized it to the system of p + 1 dimensional spacetime, and U(Φ) is assumed to have a false vacuum. One may imagine the potential of figure 13 as U(Φ). Suppose that one starts with a homogeneous false vacuum. Then the tunneling toward the true vacuum is described by a bounce configuration which is a solution of an euclidean equation of motion. The principle to have that bounce solution is the highest symmetry, as mentioned in the previous section, that preserves all of the boundary conditions. In our case, the highest symmetry is the rotational invariance SO(p + 1) in the euclidean space. Thus the bounce solution is a true vacuum bubble. The surface of the bubble consists is a domain wall, and the inside of the bubble is true vacuum while the outside sits still at the false vacuum. The decay width is given in the formula (2.24). For a high potential barrier, we may adopt the thin wall approximation, then the result is

S_E = ∫_∞ 0 A(S^p)ρ^p [ 1 2 ( dΦ dρ )_2 + U(Φ) ] dρ = A(S^p)R^pS_1 − V (S^p)R^{p+1}ϵ (3.11)

where R is the radius of the bubble estimated later. In this approximation, the “wall energy” S_1 is approximated by that of the one dimensional system,

S_1 ≡

∫_{Φ1}

Φ_0 dΦ √ 2U(Φ) . (3.12)

Here Φ_0 is the value of the field giving the false vacuum of the potential U(Φ), while Φ_1 is that for the true vacuum. The parameter ϵ is the difference of the energies of the two local minima, ϵ ≡ U(Φ_0) − U(Φ_1) . (3.13)

– 20 –

The thin wall approximation is applicable if [14]

S_1μ ϵ ≫ 1 , (3.14)

where μ is the mass scale of the system. This μ is given by the coefficients of the mass term evaluated at the top of the potential.

Since the energy of the bubble is written by its radius, we can determine the radius of the bubble as a solution of the equation δS_E δR = 0 . (3.15)

For arbitrary dimensions, we obtain R = p p + 1 A(S^p) V (S^p)

S_1 ϵ . (3.16)

Then, using this radius, the euclidean action is finally evaluated as

S_E = p^p (p + 1)^{p+1}

(A(S^p))^{p+1} (V (S^p)^p)

(S_1)^{p+1} ϵ^p = p^p p + 1

2π^{(p+1)/2} Γ (_{p+1} 2 ) (S_1)^{p+1} ϵ^p . (3.17)

In the next subsection, we apply this result for the decay of the brane-antibrane.

3.4.2 Application to ours To apply the generalized Coleman’s computation to our situation, there exists two obstacles coming from the difference between our action (3.6) and a usual action (3.10). First, our system has a complex tachyon field while (3.10) is a real scalar field. Second, the tachyon action (3.6) has an unusual kinetic term.

For the first difference, here we simply assume that the relevant tachyon bounce solution is real. The vanishing of the imaginary part of the tachyon is consistent with the tachyon equations of motion, and furthermore this is a very natural ansatz since we are considering no lower dimensional D-brane left after the tachyon condensation. (The lower dimensional D-branes which are stable may appear after the tachyon condensation as topological defects [1], and this needs complex tachyon configurations.) For the real tachyon field, S = 2T_{Dp} ∫ d^{p+1}xe^{−T 2} [ 1 + 2α^′(∂_μT )^2 + 2α^′A^2T^2 ] . (3.18)

Then, with the real tachyon, we can redefine the tachyon field so that the action have a canonically normalized kinetic term: Φ ≡ √ 8α^′T_{Dp} ∫_T 0 ds e^{−s2/2} . (3.19)

Note that, although the original true vacuum of the tachyon is at the infinity |T | = ∞, this redefinition makes it to be placed at a finite value of the new field Φ. In fact, two local minima are Φ_0 = 0 , Φ_1 = √ 4πα^′T_{Dp} . (3.20)

– 21 –

However, the field redefinition does not change the energy difference

ϵ = 2T_{Dp} . (3.21)

The form of the potential written by this new field is shown in figure 14.^{10} We need to determine the scale parame-

Figure 14: The potential U(Φ)/2T_{Dp} with A = 2, 2α^′ = 1, 8α^′T_{Dp} = 1 for simplicity. The true vacuum (depicted as a blob) is located at the finite distance Φ_1.

ter μ of the theory by studying the behaviour of the potential around its maximum. The potential written in terms of the tachyon is

U = 2T_{Dp}e^{−T 2} (1 + 2α^′A^2T^2) . (3.23)

For the high potential, we have large α^′A^2, hence the top of the hill is at T ∼ 1. There

δ^2U δT^2 ∼ −2T_{Dp} 8α^′A^2 e . (3.24)

The redefinition (3.19) at T = 1 gives

δΦ = √ 8α^′T_{Dp} e^{−1/2}δT , (3.25)

thus U − U_{top} ∼ −A^2(δΦ)^2 (3.26) hence the mass scale evaluated at the top of the hill is given by

μ ∼ 2A . (3.27)

Next, we evaluate S_1. Writing S_1 by integration with T ,

S_1 = ∫ √_{4πα}′_{TDp} 0 dΦ √ 2U(Φ) = ∫_∞ 0 dT e^{−T 2/2} √ 8α^′T_{Dp} √ 2 · 2T_{Dp}e^{−T 2} (1 + 2α^′A^2T^2) = 4 √ 2α^′T_{Dp} ∫_∞ 0 dT e^{−T 2} √ 1 + 2α^′A^2T^2 . (3.28)

In this expression, it is easy to see the validity of the thin wall approximation (3.14), since the left hand side of (3.14) S_1μ ϵ = 4 √ 2α^′A^2 ∫_∞ 0 dT e^{−T 2} √ 1 + 2α^′A^2T^2 (3.29)

is much larger than 1 if 2α^′A^2 is large. Let us continue the evaluation of S_1. We use the steepest-descent method by defining the integrand as an exponential form, e^{−T 2} √ 1 + 2α^′A^2T^2 ≡ e^{f(T )} . (3.30)

10In the figure it looks that around the true vacuum the potential is not flat. However, evaluating the derivative of the potential, we find that it is actually flat: dU(Φ) dΦ | | | |_{Φ=Φ1} ∝ [ T e^{−T 2} dT dΦ ] Φ=Φ1 ∝ [ T e^{−T 2/2} ] T =∞ = 0 . (3.22)

– 22 –

This f(T ) has a maximum at T ∼ √ 1/2 where the second order derivative is δ^2f/δT^2 ∼ −4.

Thus the integration of (3.28) is evaluated as ∫_∞ 0 dT e^{−T 2} √ 1 + 2α^′A^2T^2 ∼ ∫_∞ 0 dT e^{−1/2} √ 1 + α^′A^2e^{−2(δT )2} ∼ √ 1 + α^′A^2 e ∫_∞ − √_{1/2} d(δT )e^{−2(δT )2} ∼ c_0 √ α^′A^2 e , (3.31)

where numerically c_0 ∼ 1.15. Therefore, we obtain

S_1 ∼ 4 √ 2α^′T_{Dp}c_0 √ α^′A^2 e ∼ 0.628 T_{Dp}l . (3.32)

Then we obtain the radius (3.16) of the nucleated bubble as R ∼ 2 √ 2c_0 2π √ e p l ∼ 0.314p l. (3.33)

We see that this radius is given by ∼ l, The naive estimation (3.2) gives a correct dependence on the brane separation l, although we have another dimensionful parameter l_s. Finally, the decay width is given by the euclidean action,

S_E = p^p p + 1 1 Γ (_{p+1} 2 ) 1 2^{p−1}π^{(p+1)/2} ( 2 √ 2 · c_0 √ e )_{p+1} l^{p+1}T_{Dp}

= p^p p + 1 1 Γ (_{p+1} 2 ) 1 2^{2p−1}π^{3(p+1)/2} ( 2 √ 2 · c_0 √ e )_{p+1} ( l l_s )_{p+1} 1 g . (3.34)

From the result above, especially the coincidence with the naive prospect in section 3.2, we claim that this bubble of the true vacuum corresponds to a throat connecting the brane and the antibrane. To make sure that this claim is correct, in the next subsection we study the scalar field configuration with this tachyon bubble, since the shape of the throat is determined by this scalar field on the brane-antibrane.

As we noted, the expression for the euclidean action (3.1) evaluated by the bounce solution is very similar to what we have found in the nucleation of a spherical Dp-brane in the constant RR field strength. Thus from this observation it is easy to guess the fate of the nucleated throat in the brane-antibrane, from figure 5. The tachyon at each radius outside of the throat rolls down the hill in due order, and the throat (which is the tachyon domain wall) expands. The speed of the expansion of the throat radius may approach the speed of light, then the brane-antibrane is swept out to vanish.

3.5 Inclusion of scalar field

Originally the tachyon field is interacting with infinitely many other fields which are also excitations of the strings. Among them, massless fields such as scalar fields and vector gauge

– 23 – fields are of importance, and we had to incorporate these fields to make the description precise. However, it is of course difficult to treat all the modes at the same time, thus we have considered only the tachyon mode. We have seen that this approximation works well, that is, we have found that the decay width of the brane-antibrane is that of the naive computation by making a throat.

Now let us try to incorporate the scalar field in this system. We shall not consider the gauge fields because it is relevant for the situation where some lower dimensional D-branes are left after the tachyon condensation. Here we consider only the complete annihilation of the brane-antibrane pair. For the case leaving smaller D-branes, see section 3.6.

The scalar field is actually what was originally studied in [12, 13], and in these papers the existence of a kind of sphaleron (a throat solution) was shown. Therefore we expect that incorporation of the scalar field X into our system does not change the physical results. The relevant scalar field here is the combination X^{(D4)} − X^{(antiD4)} ≡ X which measures the distance between the two branes. This can be easily seen from the T-duality which we considered in section 3.3. The value of the field X should be finite.

The euclidean action of the scalar field interacting with the tachyon is written as

S = 2T_{Dp} ∫ d^{p+1}x e^{−|T |2} [ (πα^′)^2 2 (∂_μX)^2 + X^2|T |^2 ] . (3.35)

We employed again an action which is two-derivative truncation of the BSFT results [25]. Since it is difficult to solve the full equations of motion, we regard the tachyon solution as an background and consider how the scalar field behaves on this background.

Therefore, first let us see how the solution of the tachyon equations of motion behaves in various regions. As in the previous sections, we assume that the tachyon field is a real function of r where r is a radial coordinate of the euclidean Dp-brane worldvolume. We consider the case p = 2 for simplicity.^{11} Under this assumption, we obtain the equation of motion as T ( 1 2α^′ − A^2 − (∂_rT )^2 + A^2T^2 ) + ∂^2_r T + 2 r ∂_rT = 0 . (3.36)

The last two terms come from the laplacian acting on T .

Let us study the asymptotic behaviour of the solution. The physical requirement is that, in the region with large r, T must sit at the false vacuum T = 0. Neglecting the terms of the higher order in T and also the last term for the large r, we obtain an appropriate asymptotic solution

T ∝ exp [ −r √ A^2 − 1 2α^′ ] . (3.37)

Using this behaviour as an input at large r, we can solve the equations of motion numerically. The result is very interesting, as shown in figure 15. One observes that at a certain R the solution T diverges to the infinity.

11For p = 2, the euclidean worldvolume is three dimensional, thus it might be easy to compare it with the static “sphaleron” solution in [12].

– 24 –

Divergence of T is equivalent to the approach to the true vacuum Φ = Φ_1. Therefore, the numerical solution in figure 15 is actually a domain wall solution which interpolates from the false vacuum to the true vacuum. In the region r < R, the tachyon sits at the true vacuum, and thus the open string physics there is expected to disappear completely. This means that there is no D2-brane there. We expect that after the tunneling the D2-branes are connected by making a throat between them. Inside the throat radius, we have only the holes.

Then, let us consider the scalar field behaviour in this tachyon background of the bounce solution. The equations of motion for the scalar field X becomes 2e^{−|T |2} |T |^2X − (πα^′)^2∂_μ ( e^{−T 2} ∂_μX ) = 0 . (3.38)

We substitute the bounce solution for T . T

r

Figure 15: A numerical solution to the equation of motion with A = 5 in the unit 2α^′ = 1. The boundary condition is chosen as T (r = 5) = 0.01, T^′(r = 5) = − √ A^2 − 1 T (r = 5), according to the asymptotic solution (3.37).

Around r = r_0 the tachyon T diverges, and generically near the divergent point |∂_rT | is much larger than T itself. Thus we expect that the dominant behaviour of Φ around r = r_0 comes from the second term of the equation above. Neglecting the first term, we have ∂_r ( e^{−T 2} r^2∂_rX ) = 0 . (3.39)

Here we have used the assumption that the scalar field is rotationally symmetric. Then it is easy to find a solution for the scalar field as

∂_rX = e^{T 2} c r^2

. (3.40)

This indicates that the derivative of the scalar field diverges at r = R. This result is very consistent, since from the tachyon bounce solution we expected that at r = R the two branes are connected and making a throat. At that point the gradient of the scalar field must be divergent. Thus we have a consistency.

On the other hand, we can solve the equations of motion (3.38) asymptotically by substituting the asymptotic tachyon solution (3.37). The resultant asymptotic behaviour of X is ∼ 1/r which is the same as what was found in the “sphaleron” solution in [12]. So we have another consistency. The difference between ours and [12] is that the nontrivial throat part in [12] comes from the nonlinearity of the action in X, while the divergence of ∂_rX in our case is due to the coupling with the tachyon.

Unfortunately, we don’t have any indication that the distance between the two branes which must be given by integrating ∂_rX is actually the parameter l. Perhaps in order to

– 25 – see this we have to study the full equations of motion of the interacting system including α^′ corrections.^{12}

3.6 Annihilation leaving topological defect

Up to here in this section we have assumed a real configuration of the tachyon field. If we consider a nontrivial winding of the complex tachyon field onto the infinity of the 2- dimensional subspace of the worldvolume, then we may describe a situation where the tachyon condensation leaves a D(p−2)-brane.

Let us consider especially the case with p = 2 for simplicity. In this case, a D0- brane may be left after the condensation. It is easy to write a tachyon action under the assumption that T = t(r)e^{iθ} (3.41)

where t(r) is a real function of r ≡ √ (x^1)^2 + (x^2)^2, and tan θ ≡ x^2/x^1, which are the polar coordinates. This nontrivial winding corresponds to a single D0-brane charge sits at the origin. The euclidean action written with this ansatz is similar to what we have considered for the real tachyon, though the boundary condition is slightly different: to guarantee the single-valuedness for the tachyon at the origin r = 0, we must have t(0) = 0. Because of this constraint, there remains a small part of the false vacuum even inside the throat. This small part is actually expected to be a D0-brane. Here we shall not perform the explicit evaluation of the euclidean action in this case. Instead, we use the analogy with the brane configuration found in section 2.5 to evaluate the euclidean action naively.

Since the defect remaining inside the throat is expected to be a D0-brane, thus the total action in the thin wall approximation would be

S_E = −V (S^2)R^3ϵ + A(S^2)R^2S_1 + 2RT_{D0} , (3.42)

here the last term is coming from the D0-brane. Then solving the stationary condition for R, we obtain R = S_1 ϵ + √ S_1 ϵ + T_{D0} 2πϵ . (3.43)

Using the previous result S_1 ϵ = 2 √ 2c_0 √ e α^′A = √ 2c_0 √ eπ l , (3.44)

12One may wonder if the inclusion of X crucially affects our result, from the following observation: the interaction term X^2T^2 in (3.35) makes the potential barrier lower if X decreases, and if X become lower than the critical value Xc = 1 then the classical instability of tachyon appears in that region, and thus the analysis only with the tachyon with flxed brane separation might not be correct. However, we expect that this is not the case. The reason is as follows. First, at the point T diverges (r = r0), also X should diverge, since in the region r < r0 the tachyon sits at the closed string (true) vacuum and there should be no open string dynamics. Hence at the boundary r = r0 it is natural to expect that the throat connecting the brane and the antibrane exists, and to make a smooth throat ∂rX should diverge at r = r0. This divergence means that the region where the tachyon has classically tachyonic mass squared is very tiny (r0 < r < r(Xc)). Therefore it may not be necessary to take care of the classically tachyonic region near the throat.

– 26 – we obtain the euclidean action as

S_E = 16π 3 (S_1)^3 ϵ^2

+ ΔS (3.45)

where ΔS = 16 √ 2c_0 √ e l^2_s l T_{D2} . (3.46)

The ratio of the decay width is given by exp(−ΔS), and we observe that it gets difficult to decay when the D0-brane is left, and its ratio is almost the exponential of minus of l/l_sg. Our computation here is using a plausible but conjectural approximation, and precise computation may need the gauge field on the D2-branes. However we believe that our computation is qualitatively correct.

3.7 Decay of D0-D0 Our computation of the decay width of the Dp-brane and the anti Dp-brane is valid only for p ≥ 1, since we have utilized nontrivial bounce solutions in field theories. For the case p = 0, that is, a pair of a D0-brane and an anti-D0-brane, then we have no spatial worldvolume, thus we have to use the quantum mechanics to describe the annihilation of these D0-branes.

The bounce solution is just a virtual particle whose position is described by Φ and which rolls down the hill of −U(Φ) in one dimensional space. From the form of the potential we have a bouncing point Φ_b, and the euclidean action is evaluated as

S_E = 2 ∫_{Φb} 0 dΦ √ 2 (U(Φ) − U(0)) , (3.47)

where Φ_b satisfies U(Φ_b) = U(0). To give the explicit computation we rewrite this expression in terms of T as

S_E = 8 √ 2T_{D0} ∫_{Tb} 0 dT e^{−T 2/2} √ e^{−T 2} (1 + 2α^′A^2T^2) − 1 (3.48)

where T_b is the corresponding bounce point. We shall give here only the numerical result. For a given string coupling constant g = 0.1 and in the unit l_s = 1, The bouncing point and the decay width are shown in the following table. l 20 10 5 √ 2π 2 T_b 2.129 1.638 0.6748 0 — S_E 2.1022 0.8450 0.06761 0 —

Note that below the critical separation l = √ 2πl_s, there appears a tachyonic mode at the false vacuum, thus the tunneling computation becomes invalid in the region l < √ 2πl_s. We point out here that there exists another interesting decay mode which is a pair creation of another D0-brane anti-D0-brane pair. This pair may be created since the original D0-brane anti-D0-brane pair produces a background RR gauge field configuration between them as

C_0(x) = 60π^3g ( l_s l 2 − x )_7 − ( l_s l 2 + x )_7 . (3.49)

– 27 –

Here we describe the RR gauge potential only x

τ

Figure 16: A numerical solution for the bounce with l = 5. The time slice of τ = 0 gives two positions at which a pair of D0-branes is created.

along the straight line connecting these two background D0-branes, since only this information is necessary for the later purpose. The coordinate x specifies the point on the line, and we have chosen its zero at the middle point of these background D0-branes. As we have seen in section 2, in the constant RR (p + 2)-form field strength the nucleation of a spherical Dp-brane may occur. Now we are not in the constant field strength but in a varying background RR field strength, thus a pair creation via non-trivial (non-spherical) bounce configuration is expected. In fact, the curvature of the spherical D-branes is determined only by the background value of the RR field strength, therefore in this case of the D0-branes a non-trivial worldline in the euclidean space may be determined by the RR configuration (3.49).

Since the potential (3.49) is strong near the background D0-branes, we expect that the curvature of the euclidean D0-brane worldline is large there, while around the middle point x = 0 the curvature becomes small. To obtain a closed line for the bounce solution we find easily that the consistent bounce configuration must be lie in the space spanned by x and the euclidean time τ. Therefore, we find that the resultant closed worldline is an ellipse in the x-τ space.

Let us evaluate the decay width by this pair creation process. The euclidean action is given by S = T_{D0} ∫ dτ (√ 1 + (∂_τ x)^2 + C_0(x) ) , (3.50)

and we can solve this equations of motion numerically. One finds that the shape of the configuration is actually an ellipse, as shown in figure 16. For g = 0.1, the numerical results are summarized in the following table.

l 20 10 5 3 2 Δl/2 8.402 3.402 0.9034 0.0672 0.0027 ΔT/2 0.3997 0.3991 0.366 0.0657 0.0027 S_E 409.573 209.569 108.184 18.5413 0.76387

In the table, Δl denotes the length of the major axis of the ellipse while ΔT denotes that of the minor axis. One observes that for a large separation l the length of the minor axis does not grow, and the action becomes proportional to l. This means that for a large separation the nucleation of another pair of D0-branes happens close to the original positions of the D0-branes, that is, a new anti-D0-brane is created near the original D-brane and a new D0- brane is created near the original anti-D0-brane. On the other hand, for small separation l, it decays very fast and the shape of the ellipse is almost circular. The spacetime variation of

– 28 – the background RR field may be neglected in this region. After the nucleation of the pair, each nucleated brane will be approaching to the original D0-brane with opposite charge, then we experience a double pair-annihilation.

After all, compared with the decay width of the naive pair annihilation in the former analysis, we find that the decay width of the another decay mode of the pair creation is small, and it is not a dominant decay process.

4. Conclusion

In this paper, we have studied decay of two typical unstable brane systems in string theory, from the viewpoint of open string excitations. The treated instability is due to the quantum tunnel effect, a transition from a false vacuum to the true vacuum.

The first system is the dielectric D2-branes in the constant RR 4-form field strength (section 2). This can decay via the nucleation of a larger spherical brane which is classically unstable. We have given explicitly how to compute the decay width (section 2.4). The new coordinate choice of the worldvolume has enabled us to perform the computation explicitly. We have found that the tunnel effect is given by the euclidean bounce solution which is the funnel-shaped brane configuration. Another new brane configuration which is a doughnutshaped has been found (section 2.5), and this is relevant for nucleation of a dielectric brane from nothing. How the nucleated large spherical brane expands has been also described (section 2.3).

The second system is the brane-antibrane located in parallel with separation l (section 3). We have given the action of tachyon field theory on the brane-antibrane with the parameter l (section 3.3). BSFT corrections to the tachyon potential has been studied (appendix A). We have observed that this system sits at the false vacuum, the local minimum of the tachyon potential, T = 0. Applying the generalized Coleman’s method, we have obtained the decay width of the brane-antibrane (section 3.4). The decay starts with the nucleation of a true vacuum bubble which is a throat connecting the brane and the antibrane. We have shown that this interpretation is supported by examination of the scalar field configuration (section 3.5). The nucleated throat expands accordingly and sweeps out the brane-antibrane. In addition, we have analysed the tachyon condensation with leaving topological defects which are stable lower-dimensional D-branes (section 3.6). This may be relevant for the braneworld scenario as discussed later. We have also obtained the decay width of D0-D0 in two ways: by the pair annihilation and by the nucleation of another pair, and found that the former is dominant decay mode (section 3.7). The noncommutative generalization has been also studied (appendix B).

We have neglected the gravitational effect in this paper. This approximation may survive the gravitational correction only in limited situation as in figure 10. String theory necessarily contains gravity, thus brane physics especially in the large distance scale should be influenced by these closed string modes. It might be natural to consider a situation in which a brane and an antibrane are created at some time with separation, and due to the gravitational force and the RR gauge field exchange the branes attract each other. In this case, as the branes approach, the form of the tachyon potential varies. At some

– 29 – distance the quantum tunneling occurs and the throat is nucleated. This average distance of nucleation of the throat can be estimated by using our results of the decay width Γ(l), and the result is roughly a string scale where the true perturbative instability appears.

One may think that more natural situation would be intersecting branes. Generally on the intersection the tachyonic mode appears, and the joining-splitting of the brane surfaces may happen as a result of the tachyon condensation. We believe that our description of the tachyon condensation can be applied also on this intersection of the branes. The braneworld inflation scenario with the intersecting branes has been studied recently [27].

Since the decay width which we have computed is per the unit time and volume, severals throat (or spherical branes) may be nucleated simultaneously. Then the bubbles may collide with each other and form a new large bubble. If the bubbles have charges of the lower dimensional branes, then those branes may be left inside the large bubble. This may be another mechanism for leaving lower dimensional branes in the dynamics of the tachyon condensation.

While the collision of the throats, most of the energy of the moving domain walls may be converted to the energy of the radiation of the closed string modes in the bulk. Other than this, there are massive open string modes which may propagate in the false vacuum. We employed the effective field theory of the tachyon field, thus it receives α^′ corrections which we neglected in this paper. Inclusion of open string massive modes and also closed string modes such as gravity is important.

Considering the closed string massless modes amounts to the inclusion of the back reaction which we have not considered in this paper. On the other hand, another interesting viewpoint is that there may be the gravity description which is “dual” to our open string description,^{13} as suggested from the s ↔ t channel duality of the string worldsheet theory and the AdS/CFT correspondence. It is intriguing to study some duality between ours and the gravitational instabilities studied so far (see for example [28] for the gravitational description of the instabilities of some backgrounds). We leave these for the future work.

Acknowledgments

The author is grateful to S. Nagaoka for valuable discussions, and would like to thank H. Hata, C. Herdeiro, S. Hirano, G. Horowitz, N. Sasakura and T. Takayanagi for useful comments.

A. BSFT corrections to the tachyon potential

To obtain a more precise expression for the tachyon potential V (T ), let us study the corrections of higher orders in l derived from the BSFT. As seen above, the l-dependence of the potential is coming from the covariant derivative through the T-duality. Therefore, the first nontrivial corrections might come from the results of linear profiles in braneantibrane system in the BSFT [25]. Their result shows that, if we turn on a part of the

13We would like to thank S. Hirano for pointing out this viewpoint.

– 30 – tachyon which has a linear profile only along a certain direction in the target space, the BSFT action is V (T ) = e^{−|T |2} F (2α^′|∂_iT |^2) (A.1)

where F (x) ≡ 4^xxΓ(x)^2 2Γ(2x)

. (A.2)

Since we turn on only the constant Wilson line, the gauge field strength vanishes, thus the dependence on the gauge field comes only from the covariant derivative. We lift the above expression to include the covariant derivative by simply changing the argument of the function F . Noting that the T-duality is just a dimensional reduction, we obtain the resultant expression for the corrected tachyon potential for the brane-antibrane system:

V (T ) = e^{−|T |2} F (2α^′A^2|T |^2) . (A.3)

In the above argument we have used the linear tachyon profile. One may wonder if the l dependence of the tachyon potential comes also from the higher derivative corrections such as (DDT )^2 ∼ l^4T^2. We can derive exact tachyon potential valid for all order in l as in the following. Let us recall how the BSFT action is obtained. First we have the boundary interaction of a string sigma model [25]

S_{bdry} = − ∫ boundary dτ [ − α^′ 4 T^I T^I + 1 4 η^Iη̇^I + α^′ 2 D_μT^I ψ^μη^I ] . (A.4)

We have written only the terms which are relevant for our calculation, and I = 1, 2, T = (T^1 + iT^2)/ √ 8πα^′. After integrating out η and adding the worldsheet action, we obtain

S_{worldsheet} + S_{bdry} = |T |^2 + 1 2 ∞∑ n=1 nX_{−n}X_n + i ∞∑ r=1/2 ( 1 + 2α^′A^2|T |^2 r ) ψ_{−r}ψ_r . (A.5)

Therefore the A dependence in the partition function is given by

Z ∝ ∏_∞ r=1/2 ( 1 +^{2α′A2|T |2}_r ) ∏_∞ n=1 n . (A.6)

Finally, by restoring the appropriate normalization, we have

Z = 2T_{D3} ∫ d^4X_0e^{−2πα′|T |2} 4^xΓ(x) 2Γ(2x)

, (A.7)

where x = 2α^′A^2|T |^2. Note that this expression is a bit different from the partition function for the brane-antibrane system for the linear tachyon profile (A.1).

The final potential is shown in figure 17. We can see that the form of the potential is qualitatively the same. One should note that the Taylor expansion of the expression (A.7) in terms of A^2 does not match (3.7), because the BSFT result does depend on the renormalization scheme which is unknown in this context. The difference of the scale of these

– 31 – figures might come from that finite renor- V (T )

T

Figure 17: the potential from BSFT with the same values of the parameters as in figure 13.

malization. One of the reasons why for the computation of the decay width we have used (3.7) instead of the exact BSFT result (A.7) is that, the BSFT result should include also the higher order derivative coupling of the tachyon fields, and it is very hard to adopt this for a practical computation. The potential (3.7) was derived from the two derivative truncation, thus for the analysis with the kinetic terms of the two derivative truncation it might be better to use the tachyon potential derived in the same truncation. We believe that the full potential after the finite renormalization may have a similar structure.

B. Noncommutative solitons

One of the early attempts to understand the decay of the brane-antibrane system is found in [29]. The authors of [29] tried to construct the brane-antibrane effective action by using Matrix theory. Now we understand that this construction leads to a noncommutative worldvolume.^{14}

On the noncommutative worldvolume one can construct nontrivial co-dimension two solitons which are called noncommutative solitons [31]. The noncommutative scalar solitons found their intriguing application in the tachyon condensation in string theory [32, 33]. Since in the text we have not obtained analytic form of the bounce solution, the introduction of the noncommutativity may help us to construct it explicitly. In this appendix, we apply this method to our potential, and obtain stable solitons which are analogues of [31]. We give the brane interpretation of them.

First, let us briefly review what was found in [31]. After an appropriate scaling of the background metric, B-field and α^′, we obtain noncommutative worldvolume theory of the brane-antibrane. We assume that the result is simply the replacement of the ordinary field multiplication with the star product defined with the noncommutativity parameter θ. In the large noncommutativity limit, the authors of [31] constructed a soliton solution whose form is determined only by the information of the extrema of the scalar potential:

Φ_{sol} = ∑ i λ_iP_i . (B.1)

Here λ_i is the value of Φ which makes the potential extrema, and P_i is the projection operator which satisfies P_i = P_i ∗ P_i. Note that as explicitly written in [32] the potential should have its local extrema at Φ = 0.

14For relevant discussion on the throat solution of the scalar field under the constant electro-magnetic field, see [30].

– 32 –

One can easily find that our potential written by Φ satisfies this requirement, and we have two extrema. One of them is the true vacuum Φ = Φ_1 = √ 4πα^′T_{Dp}. The stability argument developed in [31] shows that if we choose Φ_1 as λ, then the solution (B.1) is classically stable.

Let us consider what is this stable brane configuration. The simplest choice for the projection operator is

P^{(1)} = 1 − |0⟩⟨0| or P^{(2)} = |0⟩⟨0| . (B.2)

It is easy to consider P^{(1)} = 1 − P^{(2)} first. Note that the above P^{(2)} written in an operator representation is identical with a gaussian function whose width is given by ∼ √ θ. Thus the solution Φ_{sol} = Φ_1P^{(1)} is almost sitting at the true vacuum except for the disc region whose radius is √ θ and whose center is at the origin of the brane-antibrane worldvolume.

Inside this disc, the tachyon is not condensed and thus the brane worldvolume exists, while outside of the disc the brane worldvolumes vanish. Since two worldvolumes are separated now, one may imagine that the resultant form of the brane is spherical as if it were a dielectric brane. However, there is no mechanism to pop up branes in the constant B-field background (if one turns on a constant H-field, then one can have a popped-up brane [4]). Then, what is this brane configuration?

The resolution of this puzzle is easily found if one notice that the “size” √ θ of the disc region is a fake, since in the noncommutative worldvolume it is impossible to give a notion of precise location, because of the noncommutativity. One has to move to the commutative description via the Seiberg-Witten map [34, 35]. Although the SW map for the tachyon field has not been obtained (see for example [35]), from the discussion in [36], the natural result of the SW map for the above noncommutative soliton is a delta function. Thus, the actual size of the above discs is zero. This gives an interpretation of the above soliton. A size zero D0-brane and an anti-D0-brane are located at the centers of the original D2-branes, respectively, with the separation l. This interpretation is consistent with the observation in [37]. Now the separation length between the D0-brane and the anti-D0 is enough large, this system is classically stable.

If one employs another projection operator P^{(2)}, then easily the brane interpretation of them can be given: each D2-brane has a tiny hole at each center. Thus this classically stable solution is singular and is not relevant for the decay of the brane-antibrane.

References

[1] A. Sen, Tachyon condensation on the brane antibrane system, J. High Energy Phys. 08 (1998) 012 [hep-th/9805170]; Descent relations among bosonic D-branes, Int. J. Mod. Phys. A 14 (1999) 4061 [hep-th/9902105]; Non-BPS states and branes in string theory,

hep-th/9904207; Universality of the tachyon potential, J. High Energy Phys. 12 (1999) 027

[hep-th/9911116].

[2] A. Sen, Rolling tachyon, J. High Energy Phys. 04 (2002) 048 [hep-th/0203211]; Tachyon matter, hep-th/0203265; Field theory of tachyon matter, hep-th/0204143.

– 33 –

[3] G.N. Felder, J. García-Bellido, P.B. Greene, L. Kofman, A. Linde and I. Tkachev, Dynamics of symmetry breaking and tachyonic preheating, Phys. Rev. Lett. 87 (2001) 011601 [hep-ph/0012142];

G.N. Felder, L. Kofman and A.D. Linde, Tachyonic instability and dynamics of spontaneous symmetry breaking, Phys. Rev. D 64 (2001) 123517 [hep-th/0106179].

[4] R.C. Myers, Dielectric-branes, J. High Energy Phys. 12 (1999) 022 [hep-th/9910053].

[5] F. Dowker, J.P. Gauntlett, G.W. Gibbons and G.T. Horowitz, Nucleation of p-branes and fundamental strings, Phys. Rev. D 53 (1996) 7115 [hep-th/9512154]; A. Gorsky and K. Selivanov, Junctions and the fate of branes in external fields, Nucl. Phys. B 571 (2000) 120 [hep-th/9904041];

R. Vilela Mendes, Gauge strata and particle generations, hep-th/0009027; A.S. Gorsky, K.A. Saraikin and K.G. Selivanov, Schwinger type processes via branes and their gravity duals, Nucl. Phys. B 628 (2002) 270 [hep-th/0110178].

[6] R. Emparan, Born-Infeld strings tunneling to D-branes, Phys. Lett. B 423 (1998) 71 [hep-th/9711106].

[7] D.K. Park, S. Tamarian, Y.G. Miao and H.J.W. Muller-Kirsten, Tunneling of Born-Infeld strings to D2-branes, Nucl. Phys. B 606 (2001) 84 [hep-th/0011116]; D.K. Park, S. Tamaryan and H.J.W. Muller-Kirsten, D2-branes with magnetic flux in the presence of RR fields, Nucl. Phys. B 635 (2002) 192 [hep-th/0111026].

[8] J. Schwinger, On gauge invariance and vacuum polarizaation, Phys. Rev. 82 (1951) 664.

[9] I.K. Affleck and N.S. Manton, Monopole pair production in a magnetic field, Nucl. Phys. B 194 (1982) 38;

I.K. Affleck, O. Alvarez and N.S. Manton, Pair production at strong coupling in weak external fields, Nucl. Phys. B 197 (1982) 509.

[10] S.R. Coleman and F. De Luccia, Gravitational effects on and of vacuum decay, Phys. Rev. D 21 (1980) 3305;

J.D. Brown and C. Teitelboim, Dynamical neutralization of the cosmological constant, Phys. Lett. B 195 (1987) 177.

[11] C. Teitelboim, Gauge invariance for extended objects, Phys. Lett. B 167 (1986) 63.

[12] C.G. Callan and J.M. Maldacena, Brane dynamics from the Born-Infeld action, Nucl. Phys.

B 513 (1998) 198 [hep-th/9708147].

[13] K.G. Savvidy, Brane death via Born-Infeld string, hep-th/9810163.

[14] S.R. Coleman, The fate of the false vacuum, 1. Semiclassical theory, Phys. Rev. D 15 (1977) 2929.

[15] C.G. Callan Jr. and S.R. Coleman, The fate of the false vacuum, 2. First quantum coRRections, Phys. Rev. D 16 (1977) 1762.

[16] A. Vilenkin, The birth of inflationary universes, Phys. Rev. D 27 (1983) 2848.

[17] G.W. Gibbons, Born-Infeld particles and Dirichlet p-branes, Nucl. Phys. B 514 (1998) 603 [hep-th/9709027].

– 34 –

[18] G.R. Dvali and S.H.H. Tye, Brane inflation, Phys. Lett. B 450 (1999) 72 [hep-ph/9812483];

S.H.S. Alexander, Inflation from DD̄-brane annihilation, Phys. Rev. D 65 (2002) 023507 [hep-th/0105032];

G.R. Dvali, Q. Shafi and S. Solganik, D-brane inflation, hep-th/0105203; C.P. Burgess, M. Majumdar, D. Nolte, F. Quevedo, G. Rajesh and R.-J. Zhang, The inflationary brane-antibrane universe, J. High Energy Phys. 07 (2001) 047 [hep-th/0105204]; C.P. Burgess, P. Martineau, F. Quevedo, G. Rajesh and R.J. Zhang, Brane-antibrane inflation in orbifold and orientifold models, J. High Energy Phys. 03 (2002) 052 [hep-th/0111025];

N. Jones, H. Stoica and S.H.H. Tye, Brane interaction as the origin of inflation,

hep-th/0203163.

[19] N.S. Manton, Topology in the Weinberg-Salam theory, Phys. Rev. D 28 (1983) 2019;

F.R. Klinkhamer and N.S. Manton, A saddle point solution in the Weinberg-Salam theory, Phys. Rev. D 30 (1984) 2212.

[20] D.-S. Bak and A. Karch, Supersymmetric brane-antibrane configurations, Nucl. Phys. B 626 (2002) 165 [hep-th/0110039];

D.-S. Bak and N. Ohta, Supersymmetric D2D̄2-strings, Phys. Lett. B 527 (2002) 131 [hep-th/0112034];

D. Mateos, S. Ng and P.K. Townsend, Tachyons, supertubes and brane/anti-brane systems, J. High Energy Phys. 03 (2002) 016 [hep-th/0112054].

[21] T. Banks and L. Susskind, Brane-antibrane forces, hep-th/9511194;

I. Pesando, On the effective potential of the Dp-D̄p system in type-II theories, Mod. Phys. Lett. A 14 (1999) 1545 [hep-th/9902181].

[22] E. Witten, On background independent open string field theory, Phys. Rev. D 46 (1992) 5467 [hep-th/9208027]; Some computations in background independent off-shell string theory, Phys. Rev. D 47 (1993) 3405 [hep-th/9210065];

K. Li and E. Witten, Role of short distance behavior in off-shell open string field theory, Phys. Rev. D 48 (1993) 853 [hep-th/9303067];

S.L. Shatashvili, Comment on the background independent open string theory, Phys. Lett. B 311 (1993) 83 [hep-th/9303143]; On the problems with background independence in string theory, hep-th/9311177.

[23] A.A. Gerasimov and S.L. Shatashvili, On exact tachyon potential in open string field theory, J. High Energy Phys. 10 (2000) 034 [hep-th/0009103];

D. Kutasov, M. Mariño and G.W. Moore, Some exact results on tachyon condensation in string field theory, J. High Energy Phys. 10 (2000) 045 [hep-th/0009148]; D. Ghoshal and A. Sen, Normalisation of the background independent open string field theory action, J. High Energy Phys. 11 (2000) 021 [hep-th/0009191];

D. Kutasov, M. Mariño and G.W. Moore, Remarks on tachyon condensation in superstring field theory, hep-th/0010108;

M. Mariño, On the bv formulation of boundary superstring field theory, J. High Energy Phys. 06 (2001) 059 [hep-th/0103089];

V. Niarchos and N. Prezas, Boundary superstring field theory, Nucl. Phys. B 619 (2001) 51 [hep-th/0103102];

O. Andreev, Some computations of partition functions and tachyon potentials in background independent off-shell string theory, Nucl. Phys. B 598 (2001) 151 [hep-th/0010218].

– 35 –

[24] B. Zwiebach, A solvable toy model for tachyon condensation in string field theory, J. High Energy Phys. 09 (2000) 028 [hep-th/0008227];

J.A. Minahan and B. Zwiebach, Field theory models for tachyon and gauge field string dynamics, J. High Energy Phys. 09 (2000) 029 [hep-th/0008231]; Effective tachyon dynamics in superstring theory, J. High Energy Phys. 03 (2001) 038 [hep-th/0009246]; Gauge fields and fermions in tachyon effective field theories, J. High Energy Phys. 02 (2001) 034 [hep-th/0011226];

S. Moriyama and S. Nakamura, Descent relation of tachyon condensation from boundary string field theory, Phys. Lett. B 506 (2001) 161 [hep-th/0011002]; K. Hashimoto and S. Nagaoka, Realization of brane descent relations in effective theories, Phys. Rev. D 66 (2002) 026001 [hep-th/0202079].

[25] P. Kraus and F. Larsen, Boundary string field theory of the DD̄ system, Phys. Rev. D 63 (2001) 106004 [hep-th/0012198];

T. Takayanagi, S. Terashima and T. Uesugi, Brane-antibrane action from boundary string field theory, J. High Energy Phys. 03 (2001) 019 [hep-th/0012210].

[26] S. Coleman, Aspects of symmetry, Cambridge University Press, Cambridge 1985.

[27] J. García-Bellido, R. Rabadán and F. Zamora, Inflationary scenarios from branes at angles, J. High Energy Phys. 01 (2002) 036 [hep-th/0112147];

R. Blumenhagen, B. Körs, D. Lüst and T. Ott, Hybrid inflation in intersecting brane worlds,

hep-th/0202124;

K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, D3/D7 inflationary model and M-theory, Phys. Rev. D 65 (2002) 126002 [hep-th/0203019];

D. Cremades, L.E. Ibáñez and F. Marchesano, Intersecting brane models of particle physics and the Higgs mechanism, J. High Energy Phys. 07 (2002) 022 [hep-th/0203160]; N. Jones, H. Stoica and S.H.H. Tye, Brane interaction as the origin of inflation,

hep-th/0203163.

[28] E. Witten, Instability of the Kaluza-Klein vacuum, Nucl. Phys. B 195 (481) 1982;

D. Garfinkle, S.B. Giddings and A. Strominger, Entropy in black hole pair production, Phys. Rev. D 49 (1994) 958 [gr-qc/9306023];

F. Dowker, J.P. Gauntlett, D.A. Kastor and J. Traschen, Pair creation of dilaton black holes, Phys. Rev. D 49 (1994) 2909 [hep-th/9309075];

F. Dowker, J.P. Gauntlett, S.B. Giddings and G.T. Horowitz, On pair creation of extremal black holes and Kaluza-Klein monopoles, Phys. Rev. D 50 (1994) 2662 [hep-th/9312172]; S.W. Hawking and S.F. Ross, Duality between electric and magnetic black holes, Phys. Rev. D 52 (1995) 5865 [hep-th/9504019];

F. Dowker, J.P. Gauntlett, G.W. Gibbons and G.T. Horowitz, The decay of magnetic fields in Kaluza-Klein theory, Phys. Rev. D 52 (1995) 6929 [hep-th/9507143]; B. Janssen and S. Mukherji, Kaluza-Klein dipoles, brane/anti-brane pairs and instabilities,

hep-th/9905153;

R. Emparan, Black diholes, Phys. Rev. D 61 (2000) 104009 [hep-th/9906160]; D. Youm, Delocalized supergravity solutions for brane/anti-brane systems and their bound states, Nucl. Phys. B 573 (2000) 223 [hep-th/9908182];

A. Chattaraputi, R. Emparan and A. Taormina, Composite diholes and intersecting brane-antibrane configurations in string/M-theory, Nucl. Phys. B 573 (2000) 291 [hep-th/9911007];

M. Fabinger and P. Hořava, Casimir effect between world-branes in heterotic M-theory, Nucl. Phys. B 580 (2000) 243 [hep-th/0002073];

– 36 –

P. Brax, G. Mandal and Y. Oz, Supergravity description of non-BPS branes, Phys. Rev. D 63 (2001) 064008 [hep-th/0005242];

M.S. Costa and M. Gutperle, The Kaluza-Klein Melvin solution in M-theory, J. High Energy Phys. 03 (2001) 027 [hep-th/0012072];

M.S. Costa, C.A.R. Herdeiro and L. Cornalba, Flux-branes and the dielectric effect in string theory, Nucl. Phys. B 619 (2001) 155 [hep-th/0105023];

G.L. Alberghi, E. Caceres, K. Goldstein and D.A. Lowe, Stacking non-BPS D-branes, Phys. Lett. B 520 (2001) 361 [hep-th/0105205];

R. Emparan and M. Gutperle, From p-branes to fluxbranes and back, J. High Energy Phys. 12 (2001) 023 [hep-th/0111177];

R. Rabadán and J. Simon, M-theory lift of brane-antibrane systems and localised closed string tachyons, J. High Energy Phys. 05 (2002) 045 [hep-th/0203243];

O. Aharony, M. Fabinger, G.T. Horowitz and E. Silverstein, Clean time-dependent string backgrounds from bubble baths, J. High Energy Phys. 07 (2002) 007 [hep-th/0204158]; H.-S. Kim, Supergravity approach to tachyon potential in brane-antibrane systems,

hep-th/0204191.

[29] H. Awata, S. Hirano and Y. Hyakutake, Tachyon condensation and graviton production in matrix theory, hep-th/9902158.

[30] K. Hashimoto, Born-Infeld dynamics in uniform electric field, J. High Energy Phys. 07 (1999) 016 [hep-th/9905162].

[31] R. Gopakumar, S. Minwalla and A. Strominger, Noncommutative solitons, J. High Energy Phys. 05 (2000) 020 [hep-th/0003160].

[32] K. Dasgupta, S. Mukhi and G. Rajesh, Noncommutative tachyons, J. High Energy Phys. 06 (2000) 022 [hep-th/0005006].

[33] J.A. Harvey, P. Kraus, F. Larsen and E.J. Martinec, D-branes and strings as non-commutative solitons, J. High Energy Phys. 07 (2000) 042 [hep-th/0005031].

[34] N. Seiberg and E. Witten, String theory and noncommutative geometry, J. High Energy Phys.

09 (1999) 032 [hep-th/9908142];

Y. Okawa and H. Ooguri, An exact solution to Seiberg-Witten equation of noncommutative gauge theory, Phys. Rev. D 64 (2001) 046009 [hep-th/0104036];

H. Liu and J. Michelson, Ramond-Ramond couplings of noncommutative D-branes, Phys. Lett. B 518 (2001) 143 [hep-th/0104139].

[35] S. Mukhi and N.V. Suryanarayana, Gauge-invariant couplings of noncommutative branes to Ramond-Ramond backgrounds, J. High Energy Phys. 05 (2001) 023 [hep-th/0104045].

[36] K. Hashimoto and H. Ooguri, Seiberg-Witten transforms of noncommutative solitons, Phys.

Rev. D 64 (2001) 106005 [hep-th/0105311].

[37] J.A. Harvey, P. Kraus and F. Larsen, Exact noncommutative solitons, J. High Energy Phys.

12 (2000) 024 [hep-th/0010060].

– 37 –