Published by Institute of Physics Publishing for SISSA Received: April 14, 2005 Accepted: May 16, 2005 Published: June 7, 2005

The fate of massive F-strings

Bin Chen,^a Miao Li^{ab} and Jian-Huang She^{bc}

aInterdisciplinary Center of Theoretical Studies, Chinese Academy of Science P.O.Box 2735, Beijing 100080, P.R. China bInstitute of Theoretical Physics, Chinese Academy of Science P.O.Box 2735, Beijing 100080, P.R. China cGraduate School of the Chinese Academy of Sciences Beijing 100080, P.R. China E-mail: bchen@itp.ac.cn, mli@itp.ac.cn, jhshe@itp.ac.cn

Abstract: We calculate the semi-inclusive decay rate of an average string state with compactification both in the bosonic string theory and in the superstring theory. We also apply this calculation to a brane-inflation model in a warped geometry and find that the decay rate is greatly suppressed if final strings are all massive and enhanced with one final string massless, which may pose a challenge to this class of models.

Keywords: Superstrings and Heterotic Strings, Tachyon Condensation.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep062005009 /jhep062005009 .pdf

Contents

1. Introduction 1

2. Bosonic string decay: with compactification 2 2.1 The recursion relation 4 2.2 The decay rate 7

3. Superstring decay: flat space 12

4. Superstring decay with compactification and KKLMMT scenario 15

5. Discussions 17

A. Compute the state density for superstrings. 18

1. Introduction

The search for the imprints of the string theory in the cosmology is one of the most important problems in string cosmology. Cosmic string [1], as a promising candidate, has drawn much attention in the past few years. The renewed interest [3, 4] in the cosmic string resides in the fact that in the low-energy models the cosmic strings could be created after inflation. This is in contrast with the prediction of the old Planck-scale models, where the cosmic strings produced before the inflation are “blown away”[2]. It has been shown that some strings, including fundamental string and solitonic strings, are sufficiently stable and a few of them may survive and be observable in near future through gravitational wave detectors such as LIGO and LISA.

In the string-inspired models on inflation, there is a class of models based on the brane-antibrane annihilation. In such configurations, the tachyon field develop. As tachyon condense, very massive closed string states are created, which could be an origin of the cosmic string. However these massive fundamental string states are not stable and may decay to other massive or massless states. In order to understand the fate of a typical massive F-string state better, it is essential to study its decay systematically. On the other hand, even without considering its phenomenological implication, the study of the decay of a typical massive string state is an interesting issue on its own right in string theory. From the investigation of the rolling tachyon [5] and the geometric tachyon realization in the (NS, D)-system [6], it has been known that the tachyon condensation will radiate various kinds of closed string states [7, 8], even though there does not exist a well-understood treatment of the backreaction yet. To understand the tachyon condensation and the mysterious open/close string duality [9], the study of the fate of these massive string states is necessary. This is the question we will address in this note.

– 1 –

The decay of massive strings is an old problem of string theory and it is generally difficult to extract detailed knowledge from conventional calculations mainly due to the exponentially growing state density. States at the same mass level may be very different, especially their decay properties. For example, there exist some peculiar string states, often with large angular momentum, which are extraordinarily stable, with lifetime proportional to some positive power of their masses [13] [15].

Fortunately in a realistic situation, such as the rolling tachyon case, details of string states are not important, and we are only interested in some sort of averaged decay rates. A peculiar long-lived string state may be created but with much smaller probability, it must be in an extremal end of a distribution in which the typical string states are amply produced and more interesting. The lifetimes of the massive strings are cleverly computed in this spirit [16]. In [12] and [13], massless string emission from heavy strings were considered for both bosonic and superstrings, where the authors average over the initial states of the same mass level and fixed four momentum and sum over all possible states for the remnant string, a thermal spectrum was obtained. Manes considered in [14] the emission spectrum of the strings of all mass levels for bosonic (open and closed) strings. It was found there that the decay rates are universal, in the sense that the leading terms depend only on the mass level of the strings involved, and the more detailed properties of the states affect only the sub-leading terms.

To study the stringy properties relevant for cosmology, we need to consider the situation where some of the space-time dimensions are compactified. And in the realistic models building for early day inflation [11] and present day accelerated expansion [10], the superstrings rather than the bosonic strings are used. So in this note, we consider first the decay process of the bosonic strings with toroidal compactification in section 2. Here the KK modes and winding modes enter and make the process much more complicated. And in section 3, we go on to discuss the superstring process in the flat space where the universal expressions similar to [14] are found. We do compactification in section 4 to calculate the emission rate in a more realistic string inflation model. Section 5 includes our conclusions and discussions.

2. Bosonic string decay: with compactification

In this section, we study the emission spectrum of massive closed bosonic strings in the case where d_c out of the total D dimensions are compactified on a flat torus. A closed string state is characterized by its KK momentum numbers n_i, winding numbers w_i, and its mass M and momentum k in the noncompact dimensions. The mass shell condition reads α^′M^2 = 4(N_R − 1) + α^′Q^2_+ = 4(N_L − 1) + α^′Q^2_− (2.1) where Q_± =

�_{ni}

R_i ± w_iR_i α^′ , and i = 1, . . . , dc. For later convenience we also define

4M^2_{RL} = M^2 − Q^2_± . (2.2)

The decay amplitude for closed strings can be factorized into the left and the right parts, and each part can be calculated in a way similar to open strings. Consider first the

– 2 – string of given mass M, winding w_i and KK momentum n_i in its center of mass frame decays into two strings with mass M_1 and M_2, winding w_{1i} and w_{2i}, KK momentum n_{1i} and n_{2i}, with similar mass shell conditions

α^′M^2_1 = 4(N_{1R} − 1) + α^′Q^2_{1+} = 4(N_{1L} − 1) + α^′Q^2_{1−} , (2.3) and α^′M^2_2 = 4(N_{2R} − 1) + α^′Q^2_+ = 4(N_{2L} − 1) + α^′Q^2_− . (2.4)

In the following, we set α^′ =^1_2 . Energy conservation gives M = � M^2_1 + k^2 + � M^2_2 + k^2 , (2.5)

with k the momentum in the noncompact dimension.

What we want to consider is the averaged semi-inclusive two-body decay rate. That is, for the initial string, we average over all states of some given mass, winding and KK momentum. For one of the two final strings, we sum over all states with some given mass, winding and KK momentum; only the other string’s state is fully specified (by keeping explicit its vertex operator).

This decay rate can be written as

Γ_{semi−incl} =

A_{D−d c} M^2 g^2_c

F_L G(N_L)

F_R G(N_R) k^{D−3−d c}

d_c�

i R^{−1}_i (2.6)

with closed string coupling g_c, compactification radius R_i, and numerical coefficient A_p =

2^{−p} π^{3−p}2 Γ(^{p−1}_2 ) , and FL and FR are given by

F_L = � Φ_i|_{NL} � Φ_f |_{N2L}

|⟨Φ_f |V_L(n_{1i}, w_{1i}, k)|Φ_i⟩|^2 (2.7)

F_R = � Φ_i|_{NR} � Φ_f |_{N2R}

|⟨Φ_f |V_R(n_{1i}, w_{1i}, k)|Φ_i⟩|^2 . (2.8)

The vertex operator for the one of the final state strings has been factorized into the left part V_L and the right part V_R, whose exponential parts look like e^{ikL·XL} , e^{ikR·XR} , with −k^2_L = M^2_1 − Q^2_{1−} , which we define to be 4m^2_L for later comparison with open strings. In the flat spacetime the normalization of the initial state and the final state two-body phase space contribute a factor^{kD−3}_{M 2} dΩ, while the integration over the solid angle Ω gives A_D. Now momenta in the d_c compact dimensions are discrete, so we convert the integration to a summation and this results in the factor

�_{dc}

i R^{−1}_i .

The sum in a fixed level is hard to perform, this can be done with a trick: we insert a projector P_N over states of level N, and then sum over states of all levels, in the end we obtain a trace [12]. Let

P_N = � C dz z z^{N̂−N} (2.9)

P_N |Φ_N ′ ⟩ = δ_{NN} ′ |Φ_N ′ ⟩ , (2.10)

– 3 – so the amplitude squared can be written as

F_L = � C dz z z^{−N L} � C^′

dz^′ z^′ z^{′−N 2L} Tr[z^{N̂} V^†_L(k, 1)z^{′N̂} V_L(k, 1)] , (2.11)

where we place the vertex operator at z = 1, takeing advantage of the SL(2, R) invariance of the open string tree amplitude. In the following, we define w = zz^′, and v = z^′.

2.1 The recursion relation

Manes observed that [14] the trace in (2.11) describing a tree level process can be carried out by converting it to the two point correlation function on a cylinder with modulus t, where it = − 2πi ln w

. (2.12)

Note that [17] � d^Dp Tr[z^{L0} V^†(k, 1)z^{′L0} V (k, 1)] = f(w)^{2−D} � −2π ln w

�_{D/2} ⟨V^†(k, 1) V (k, v)⟩ , (2.13)

where

f(w) = ∞� n=1 (1 − w^n)^{2−D} . (2.14)

The second factor comes from the momentum integral over the zero modes, which does not appear in the definition (2.7) and (2.8) of F_{LR}. Remember that compactification does not affect the oscillation modes, so we have

Tr[z^{N̂} V^†_L(k_L, 1)z^{′N̂} V (k_L, 1)] = f(w)^{2−D} ⟨V^{′†}_L(k_L, 1)V^′_L(k_L, v)⟩ , (2.15)

where the prime means that ∂^n_τ X^μ (v) is replaced by v^{N̂} ∂^n_τ X^μ (1)v^{− N̂} in the vertex operator so that zero modes are excluded, and D = 26 is the full space-time dimension. Thus the masterformula for emission of general states including KK modes and winding is

F_L = � dw w w^{−N L} f(w)^{2−D} � dv v v^{NL−N 2L} ⟨V^{′†}_L(k_L, 1)V^′(k_L, v)⟩ . (2.16)

It can be rewritten as

F_L = � C_w dw w w^{−N L} f(w)^{2−D} I_{NL−N 2L} (w) (2.17)

I_n = � C_v dv v v^n⟨V^{′†}_L(k_L, 1)V^′_L(k_L, v)⟩ (2.18)

where the contours satisfy |w| < |v| < 1, for |z|, |z^′| < 1 . A general vertex operator V (k, z) is got from a physical state

|Φ⟩ = � c_{μ 1...μ m} α^{μ 1}_{−n 1} . . . α^{μ m}_{−n m} |0; k⟩ (2.19)

– 4 – by replacing α^μ_{−n} by^{i∂nτ Xμ (z)}_{(n−1)!} , and |0; k > by e^{ikX(z)}, and the normal ordering is assumed. We take the gauge^1

k^{μ 1} c_{μ 1μ 2...μ m} = k^{μ 2} c_{μ 1μ 2 ...μ m} = · · · = k^{μ m} c_{μ 1 μ 2...μ m} = 0 . (2.20)

for which the contractions of exponentials with ∂X like terms vanish. Then the correlator in I_n(w) factorizes into two parts, the contraction of two exponentials and the contractions without exponentials.

Remember that X scalar correlator on the cylinder is not changed by compactification, so

⟨e^{−ik LXL(1)}e^{ikLXL(v)}⟩ = e^{− 14 k2L ln ψ̂(v,w)} = ψ̂(v, w)^{m2L} , (2.21) ⟨∂^n_τ X^μ_L(1)∂^m_τ X^ν_L(v)⟩ = −(−)^nη^{μν} (v∂_v )^{n+m} ln ψ̂(v, w) , (2.22)

with ψ̂(v, w) = (1 − v)^∞ � n=1 (1 − w^nv)(1 − w^n/v) (1 − w^n)^2

. (2.23)

In the above correlators, substitution has been made to account for the prime in the vertex operator. And ∂_τ is v∂_v for euclidean proper time τ = ln z. The correlator in I_n can thus be written as ⟨V^{′†}_L(k_L, 1)V^′_L(k_L, v)⟩ = ψ̂^{m2L} P(Ω, ∂_τ Ω . . .) , (2.24) with Ω(v, w) = ⟨∂_τ X_L(1)∂_τ X_L(v)⟩ = ∞� n=1 n � v^n + w^n(v^n + v^{−n} ) 1 − w^n � . (2.25)

The contour integration in I_n was computed in [14]. Since the similar calculation is to be performed in the superstring case, we in the following repeat the steps of [14]. Note that ψ̂(w^{−1} v, w) = − v w ψ̂(v, w) , (2.26)

∂^n_τ Ω(w^{−1} v, w) = ∂^n_τ Ω(v, w) . (2.27)

As m^2_L = 2(N_L − 1) is even, this makes the minus sign in (2.26) irrelevant. The integration on the new contour C^′_v carries out to be � C^′_v

dv^′ v^′ v^{′n}⟨V^{′†}_L(k_L, 1)V^′_L(k_L, v^′)⟩ = w^{−n−m 2L} � C_v dv v v^{n+m2L} ⟨V^{′†}_L(k_L, 1)V^′_L(k_L, v)⟩ , (2.28)

which is just w^{−n−m 2L} I_{n+m}2_L (w) . (2.29) The difference between the two contours is the integration over a small contour around the singularity v = 1 or τ = ln v = 0. The function ψ̂(v, w) has the behavior [14]

ψ̂(v, w) = −τ � 1 + 1 2 τ � + O(τ^3) (2.30)

1Strictly speaking, such a choice of gauge only exist in the critical dimension: for bosonic string D = 26 and for superstring D = 10, which are implied in this paper.

– 5 – near v = 1. So near v = 1, the correlators have the following asymptotic behavior

⟨e^{−ik LXL(1)}e^{−ik LXL(v)}⟩ = ψ̂(v, w)^{m2L} = τ^{m2L} � 1 + 1 2 m^2_Lτ + O(τ^2) � , (2.31)

⟨∂^n_τ X_L(1)∂^m_τ X_L(v)⟩ = −∂^{n+m−2}_τ Ω(v, w) = − 1 τ^{n+m} + O � 1 τ^{n+m−2} � . (2.32)

Note that one more partial derivative for each vertex operator gives an additional τ^{−2} in (2.32), but at the same time, the corresponding state is more excited, contributing τ^2 to (2.31). The two factors exactly cancel

⟨V^{′†}(k, 1)V^′(k, v)⟩ = c τ^2

(1 + 1 2 m^2_Lτ) + O(1) , (2.33)

where the coefficient can be fixed to c = 1 by state normalization. So the contour integration around v = 1 in our case with compactification is the same as in the noncompact case � C dv v v^n⟨V^{′†}_L(k_L, 1)V^′_L(k_L, v)⟩ = n + m^2_L 2 . (2.34)

We get the following recursion relation

I_{n+m}2_L (w) = w^{n+m2L} � I_n(w) + n + m^2_L 2 � , (2.35)

which, used in sequence, can be recast into a series summation

I_n(w) = A� p=1 � n − m^2_L � p − 1 2 � w^{np− 12 m2L(p2−p)} + I_ν (w)w^{νA+ 12 m2L(A2+A)} , (2.36)

where ν = n − m^2_LA, with A an integer. Then the contour integration in (2.16) can be written as F = A� p=1 � n − m^2_L � p − 1 2 � G[N_L − np + 1 2 m^2_L(p^2 − p)] + F_{NU} , (2.37)

where n = N_L − N_{2L}, and

F_{NU} = � C_w dw w w^{−N} f(w)^{2−D} I_ν (w)w^{νA+ 12 m2L(A2+A)} , (2.38)

and the generating function for the mass level density

Tr w^{N̂} = f(w)^{2−D} = ∞� N=0 G(N)w^N . (2.39)

has been used.

The eq. (2.37) is useful in that all terms except the last one in the decreasing series do not depend on the details of any of the three string states involved (two are natural from the definition eq. (2.7)), thus knowing their levels is enough to determine them fully. They are hence universal. The last term F_{NU} is non-universal. The recursion relation tells that the independent functions are I_0, . . . , I_m2_{L/2}, which depends on the particular vertex operators we inserted and so are not universal. The contribution from F_{NU} to F is generically negligible, in comparison with the universal part contribution, except the case A = 0 which happens when the emitted states carry a large fraction of the total mass.

– 6 –

2.2 The decay rate

In the following, we shall calculate the decay rate (2.6). In the above discussions, we have fixed the levels of the incoming string states and one of the outgoing string states, which are N_{L,R}, N_{2L,2R} respectively. From the mass-shell conditions, we know that once we fix the quanta of the incoming string states, the outgoing string states could have various kinds of masses, KK-momenta and windings, with respect to the energy condition (2.5), and conservations:

Q_− = Q_{1−} + Q_{2−} , Q_+ = Q_{1+} + Q_{2+} . (2.40)

One important observation is that we have inequality � N_{1L} + � N_{2L} ≤ � N_L . (2.41)

The equality saturate when k = 0 , M Q_− = M_2 Q_{2−}

, (2.42)

where k is the momentum in the noncompact directions and M_2, Q_{2−} are the quanta of the outgoing string states with fixed level N_{2L}. The same inequality holds in the right-mover.

Given a very massive initial string of high level, its state density has the asymptotic form

G(N) ∼ N^{− D+14} e^a √ N , a = 2π � D − 2 6 . (2.43)

The ratio between the first two terms in (2.37) can be estimated to be

G(N_L − n) G(N_L − 2n + m^2_L)

∼ e^a(^{√NL−n−}

√_{NL−2n+m 2L} ) . (2.44)

Using the inequality(2.41), it is at most of order

exp (a( � N_L − � N_{2L})) , � N_{2L} ≥ √ N_L 2 (2.45) or exp(a(3 � N_{2L} − � N_L)) , � N_{2L} ≤ √ N_L 2 . (2.46)

In the extremal case N_{2L} = N_L, one can try to calculate I directly. Thus if generically N_L > N_{2L} >^{NL}_3 , the first term dominates the whole summation in (2.37), and the other terms will be neglected to get

F_L ≈ � N_L − N_{2L} − 1 2 m^2_L � G(N_{2L}) . (2.47)

F_R can be carried out in the same way.

Note that in our approximation, F_{L,R} do not depend on the details of the state specified in eq. (2.7) and (2.8) by the vertex operators, and all states of the same level are emitted with the same probability. Taking advantage of this, we can get the total decay rate

– 7 – for decays into arbitrary states of given mass, winding and KK momentum by simply multiplying eq. (2.6) by the state density G(N_1)

Γ[(M, n_i, w_i) → (m, n_{1i}, w_{1i}) + (M_2, n_{2i}, w_{2i})] ≈ A_{D−d c} g^2_c M^2

N_LN_RG_LG_Rk^{D−3−d c}

d_c�

i R^{−1}_i ,

(2.48) where N_L = N_L − N_{2L} − 1 2 m^2_L , N_R = N_R − N_{2R} − 1 2 m^2_R , (2.49) and G_L =

G(N_{1L})G(N_{2L}) G(N_L)

, G_R =

G(N_{1R})G(N_{2R}) G(N_R)

. (2.50)

Remember that m^2_L = 1 4 (m^2 − Q^2_{1−} ) ≈ 2N_{1L} . (2.51)

As long as N_{1L} ≫ 1 and N_{2L} ≫ 1, we can use eq. (2.43) to write

G_L ∼ (2πT_H )^{− D−12} � N_{1L}N_{2L}

N_L

�_− D+1_4

e^− √ 2t_L/T_H , (2.52)

with the Hagedorn temperature T_H =^1_π

�_3

D−2 and t_L = √ N_L − √ N_{1L} − √ N_{2L} in a sense coming from the kinetic energy released in the decay process. We have in the above restored the multiplicative constant in front of the state density. Note that for later convenience, in our notation we set G(M)dN = G(N)dN, a little different from usual sense G(M)dM = G(N)dN.

From the discussion on the inequality (2.41), we know that the dominant decay channel is the original incoming string break into two strings with the same α = M Q_− = m Q_{1−} = M_2 Q_{2−}

(2.53)

and without releasing any kinetic energy k = 0. In other words, the outgoing string states incline to carry proportional KK-momenta and windings to their masses. Furthermore, in such string breaking without releasing the kinetic energy, it is least probable that the original string break into two strings with the same mass and quanta.

To see more clearly the decay process, we may take into account the dependence on the momentum k and other quanta. An efficient way is to expand around the maximum of the exponential. It turns out to be

G_L ∼ exp � − √ 2k^2 16T_H � N_L N_{2L} 1 √ N_L − √ N_{2L} � exp � − √ 2N_LN_{2L}ϵ^2 (α^2 − 1)^2( √ N_L − √ N_{2L})2T_H � (2.54)

where ϵ characterize the deviation of^{M2}_{Q2−} from α. Thus the dependence on k is still a gaussian distribution, which could be reduced to the one in [14] without compactification. The influence of the KK-momenta and windings is the change of the coefficients in the exponential exp � − √ 2k^2 16T_H � N_L N_{2L} 1 √ N_L − √ N_{2L} � = exp � − α √ α^2 − 1 k^2 2T_H M 2mM_2 � (2.55)

– 8 – which tell us when α is huge, namely the original windings and KK-momentum is small, the distribution reduces to the one without compactification. Moreover, the contribution of KK-momentum and windings has also a gaussian distribution, and the total contribution could roughly be integrated out and give us a finite number. However, things are more interesting here: from the distribution of the ϵ, it seems that when α → ∞, which happens at Q_− = 0, all kinds of quanta of Q_{2−} could give the same contribution. This is just an illusion, due to the subtlety on the expansion. In this case, the outgoing strings tends to carry very small Q_{2−} quanta, with a distribution as exp(−^{MM2}_m^{δ2}_{2TH} ), where δ characterize the deviation from the extreme. In any case, one may take into account of all the contributions of the KK-momenta and windings well approximately by integrating over the distributions above.

With the above assumptions, eq. (2.49) is approximately

N_L − N_{2L} − 1 2 m^2_L ≈ α^2 − 1 α^2 mM_2 4 , N_R − N_{2R} − 1 2 m^2_R ≈ β^2 − 1 β^2 mM_2 4 , (2.56)

where β = M/Q_+.

Now gathering all above together, we can calculate the total rate for a string with mass M, KK momentum n_i, winding w_i to produce a string with mass m, by integrating over noncompact momentum k (or say it in another way, summing over the other final string’s mass level), and summing over partitions (n_{1i}, n_{2i}) and (w_{1i}, w_{2i}) with constraints n_i = n_{1i} + n_{2i} and w_i = w_{1i} + w_{2i}.

First, we do the summations

Γ_m(M, n_i, w_i) = � N_2 � (n_{1i},n_{2i}) � (w_{1i},w_{2i})

Γ[(M, n_i, w_i) → (m, n_{1i}, w_{1i}) + (M_2, n_{2i}, w_{2i})] . (2.57)

To illustrate the picture more clearly, let us consider a special case, where the initial string carry very small Q_− . In this case, G_LG_R can be divided into three parts: the kinetic energy, the KK modes and winding modes

G_LG_R ∼ G^kG^{KK} G^w , (2.58)

where

G^k = exp � − k^2 2T_H M mM_2 � , (2.59)

G^{KK} = exp � − 1 2T_H

d_c�

i=1 1 R^2_i � n^2_{1i} m + n^2_i M_2 − n^2_i M � , (2.60)

G^w = exp � − 2 T_H

d_c�

i=1 R^2_i � w^2_{1i} m + w^2_i M_2 − w^2_i M � . (2.61)

We see from eq. (2.59) that the probability to emit large kinetic energy strings is exponentially suppressed as expected. The factor (2.60) from the KK modes, when we fix n_i = n_{1i} + n_{2i}, has a saddle point which means that the processes satisfying n_{1i}/m =

– 9 – n_{2i}/M_2 are much preferred. Similarly the saddle point for the winding modes occurs at w_{1i}/m = w_{2i}/M_2. That is, for the final two strings, the heavier one tends to carry larger KK momentum and more windings. This is consistent with our general argument above. The decay rate can correspondingly be factorized into three parts

Γ_m(M, n_i, w_i) = Γ^k � (n_{1i},n_{2i})

G^{KK} � (w_{1i},w_{2i})

G^w , (2.62)

where we make saddle point approximation for the noncompact momentum, that is we let k = 0, or M_2 = M − m, when considering the KK modes and winding modes. Note that the basic ϑ function has the expansion

ϑ(ν|τ) ∞� n=−∞

exp(πin^2τ + 2πinν) , (2.63)

so the two summations in (2.62) which are actually summations over single argument �_∞

n_{1i}=−∞ and

�_∞

w_{1i}=−∞ , can be written more concretely in terms of ϑ functions � (n_{1i},n_{2i})

G^{KK} ≈

d_c�

i=1 e^{β i} ϑ(ν_i|τ_i) , � (w_{1i},w_{2i})

G^w ≈

d_c�

i=1 e^{β ′i} ϑ(ν^′_i|τ^′_i ) , (2.64)

where

β_i = − 1 2T_H R^2_i m M(M − m) n^2_i , (2.65)

β^′_i = −

2R^2_i T_H m M(M − m) ω^2_i , (2.66)

ν_i = 1 2πiT_H R^2_i n_i M − m

, (2.67)

ν^′_i =

2R^2_i πiT_H ω_i M − m

, (2.68)

τ_i = i 2πT_H R^2_i M m(M − m)

, (2.69)

τ^′_i =

2iR^2_i πT_H M m(M − m)

. (2.70)

In general, as we argued above, the contribution from the KK-modes and windings could be just a constant and the dependence on the momentum k could be encoded in

α^2 − 1 α^2 β^2 − 1 β^2 � mM_2 4 �_2 exp � − � α √ α^2 − 1 + β � β^2 − 1 � k^2 2T_H M 2mM_2 � . (2.71)

Note that if we measure the energy of the one of the decay string with mass m, we find a temperature:

T_m =

T_H 2 � α √ α^2 − 1 + β � β^2 − 1

�_{−1} � 1 − m M � . (2.72)

This reflects both the recoil effect and the influence of the KK-modes and windings.

– 10 –

It is remarkable that when α = 1 or β = 1, the decay is completely suppressed. This interesting limit corresponds to the BPS condition M = Q_− or M = Q_+ in the superstring case. As we show in the next section, all the discussion here could be applied to the superstring. Therefore, the fact that the BPS string states are stable is reflect in the above special limit. Actually, the suppression not only happens in the decay to the final massive strings, it also happens in the thermal radiation of the massless particles [12]. Moreover, from (2.71), the decay of the near BPS string states are greatly suppressed.

The measure of the integral in Γ^k is dN_2 ∼ M_2dt, where we define t = � α √ α^2 − 1 + β � β^2 − 1 � k^2 2T_H M 2mM_2

. (2.73)

Expressed in an integral over t

Γ^k ≈ const.A^′_{dc} g^2_c (2πT_H )^{−D+1} M m m^{− D−1+d c2} R �_∞ 0 t^{D−3−d c2} e^{− tT}H dt , (2.74)

where m_R =^{m(M−m)}_M , and A^′_{dc} =

�_{dc} i=1 R^{−1}_i . Thus including the phase space factor, we have a Maxwell-Boltzmann distribution for t, which could be taken as a measure of the total kinetic energy. Also the mean kinetic energy released per decay could be characterized by ⟨t⟩ =

D − 1 − d_c 2 T_H , (2.75)

which is independent of the masses and satisfies the equipartition principle in D − 1 − d_c noncompact spatial dimensions. Carrying out the integral, which is just a Γ-function, we get Γ^k ≈ A^′_Dg^2_c M m m^{− D−1+d c2}

R , (2.76)

with A^′_D = const. A^′_{dc} T_H^{− (D−1+d c)}2 .

Then, we take into account the fact that there are ρ(m)dm levels between mass m and m + dm, with ρ(m) =^1_4 m, so the total emission rate of strings of mass m is

dΓ(m) dm = Γ_m(M, n_i, w_i)ρ(m) = dΓ^k(m) dm � (n_{1i},n_{2i})

G^{KK} � (w_{1i},w_{2i})

G^w , (2.77)

where dΓ^k(m) dm = Γ^kρ(m) = A^{′′}_Dg^2_c Mm^{− D−1+d c2}_R , (2.78)

with A^{′′}_D =^1_4 A^′_D. It can easily be checked that if we set d_c = 0, the above result reduces to the flat space case considered in [14] as expected. However, here is a puzzle. Naively, from semiclassical point of view, one may expect to interpret the probability for two points with distance m on the string to meet is inversely proportional to the volume m^{D−1−d c/2}, where m^{1/2} is the mean distance between two points and D − 1 − d_c is the noncompact spatial dimensions. In other words, the less the noncompact spatial dimensions, the more possible the two points on the string to meet, inducing the breaking of the string. But (2.78) tells that this is not true: it seems that the more we compact the dimensions, the less possible is the string break.

– 11 –

3. Superstring decay: flat space

In this section, we calculate the decay rate of a typical massive type-II string state in the 10-d dimensional Minkowski space. We consider first the emission of NS-NS states, which we will argue later is the dominant decay channel. The basic quantity to compute is one piece of the semi-inclusive amplitudes squared as defined in (2.7) and (2.8), F = 1 G(N) � Φ_i|_N � Φ_f |_N′

|⟨Φ_f |V (k)|Φ_i⟩|^2. (3.1)

Carry out the projection F = 1 G(N ) � C dz^′ z^′ z^{′−N ′} � C^′ dz z z^{−N} Tr � 1 + e^{iπF} 2 V^†(k, 1)

1 + e^{iπF} 2 z^{′N̂} V (k, 1)z^{N̂} � , (3.2)

where F is the world sheet fermion number.

We will mostly follow the procedure of [14], and the main task is to check whether there is still a recursion relation when the fermions are included.

Convert the above tree level trace to a cylinder correlator Tr � 1 + e^{iπF} 2 V^†(k, 1)

1 + e^{iπF} 2 z^{′N̂} V (k, 1)z^{N̂} � = f_{NS} (w) � V^{′†}(k, 1)

1 + e^{iπF} 2 V^′(k, v) � , (3.3) where f_{NS}(w) = ∞� n=0 G_{NS}w^n = 1 √ w Tr � 1 + e^{iπF} 2 w^N � , (3.4)

with G_{NS} the state density of the NS sector. Note that now the massless level already involves 1/2 unit of excitation, so the factor 1/ √ w should be included.

We define I_n in the same way as in (2.18). On the cylinder we use vertex operators in the 0 picture in the notation of [18]. For example, the massless state is

V_0 = (ξ.∂X + iξ.ψk.ψ)e^{ik.X} . (3.5)

The state generated by ψ^μ_{− 32} has the vertex operator

V_1 = (ξ.∂^2X + iξ.∂ψk.ψ)e^{ik.X} . (3.6)

More highly excited states can be constructed with higher derivatives and more terms with building blocks as above.

These facts suggest that the correlator in (3.3) can be factorized as in (2.24), imposing the same gauge conditions. Now the polynomial is also a function of the fermion correlators and their derivatives

⟨V^{′†}(k, 1)V^′(k, v)⟩ = ψ̂^{m2} P(Ω, ∂_τ Ω . . . ; Λ, ∂_τ Λ, . . .) , (3.7)

where we define Λ(v, w) = ⟨ψ(1)ψ(v)⟩ . (3.8)

– 12 –

Actually there are two subtleties in arriving (3.7). One is that though the vertex operator of the massive string state might be just the linear combinations of the terms which are the product of chiral and anti-chiral parts, the contribution from the contraction of two exponentials is universal and the end result could still be written as (3.7). The other subtlety is the gauge choice which allow the contraction between the exponential and the terms without exponential vanishing. As in bosonic case (2.20), such a gauge is believed to exist in the critical dimension.

What is new for the superstring case is that due to the presence of fermions, the correlator in (3.3) is a summation over spin structures. There are four spin structures on the cylinder. Restoring spin structures, the above correlator or Green function can be written as G_{(a,b)}(w_1 − w_2) = ⟨ψ(w_1)ψ(w_2)⟩_{(a,b)} , (3.9)

with a, b = 0,^1_2 labelling the periodicity

G_{(a,b)}(z + 2π) = e^{2iπa} G_{(a,b)}(z) , G_{(a,b)}(z + it) = e^{2iπb} G_{(a,b)}(z) . (3.10)

The Green functions for the so-called even spin structures can be explicitly written as

⟨ψ^μ (w_1)ψ^ν (w_2)⟩_{(0,} 1_{2 )} = α^′ 4π g^{μν} ϑ_2(^{w1−w 2}_{2π} |it)ϑ^′_1(0|it) ϑ_1(^{w1−w 2}_{2π} |it)ϑ_2(0|it)

, (3.11)

⟨ψ^μ (w_1)ψ^ν (w_2)⟩_( 1_{2 ,} 1_{2 )} = α^′ 4π g^{μν} ϑ_3(^{w1−w 2}_{2π} |it)ϑ^′_1(0|it) ϑ_1(^{w1−w 2}_{2π} |it)ϑ_3(0|it)

, (3.12)

⟨ψ^μ (w_1)ψ^ν (w_2)⟩_( 1_{2 .0)} = α^′ 4π g^{μν} ϑ_4(^{w1−w 2}_{2π} |it)ϑ^′_1(0|it) ϑ_1(^{w1−w 2}_{2π} |it)ϑ_4(0|it)

, (3.13)

We can explicitly check their periodicity by using properties of ϑ functions

ϑ_1(ν + 1|τ) = −ϑ_(ν|τ) , (3.14) ϑ_2(ν + 1|τ) = −ϑ_2(ν|τ) , (3.15) ϑ_3(ν + 1|τ) = ϑ_3(ν|τ) , (3.16) ϑ_4(ν + 1|τ) = ϑ_4(ν|τ) . (3.17)

These three spin structures are permuted under modular transformations, so to ensure modular invariance they should always be kept at the same time.

For the doubly periodic case (a = 0, b = 0), which is often called odd spin structure, the existence of zero modes of the Dirac operator make things subtle(see for example [18]). It is modular invariant itself and does not mix with the other three under modular transformation. And it is well known that this sector does not contribute to the correlation functions if the insertion of the vertex operator cannot eat the zero modes, while in our consideration of very massive strings, the corresponding vertex operators can swallow the zero modes without trouble.

Note that in our convention, the arguments in the ϑ(ν|τ) function read ν = ln v ln w

, τ = − 2πi ln w

. (3.18)

– 13 –

To get a second contour we make the transformation v^′ = w^{−1} v, which amounts to replace ϑ(ν|τ) by ϑ(ν − 1|τ), or G_{(a,b)}(z) by G_{(a,b)}(z − 2π).

Using (3.10) we get Λ(w^{−1} v, w) = ±Λ(v, w) . (3.19)

The minus sign in (3.19) is irrelevant since we always have even numbers of fermions in our vertex operators after GSO projection.

Taking derivatives of ϑ functions we can see that derivatives of Λ get at most an extra irrelevant minus sign under the transformation v^′ = w^{−1} v, w^′ = w. So it turns out that the fermion correlators have the same good property as ∂X correlators that they (effectively) do not change under our transformation. This is after all not a surprise since we know, for example from bosonization, that two fermions correspond to the derivative of a bosonic field, and GSO projection enables us to always have paired world-sheet fermions.

The contour integrations on contour C^′_v and around the singularity v = 1 both carry on to the superstring case. The latter integration depends only on the asymptotic behavior of the correlators of e^{ikX} , ∂X^μ and ψψ near v = 1, while the last two have the same order dependence on τ ⟨∂X(1)∂X(v)⟩ ∼ − 1 τ^2

∼ ⟨ψψ(1)ψψ(v)⟩ . (3.20)

With proper normalization we get the same result as in the bosonic case.

Thus we get the same recursion relation for I_n (2.35) as in the bosonic string [14]; the only change is to replace space-time dimension 26 by 10.

Using the expression for NS state density

G_{NS} (N) = � dw w w^{−N} f_{NS} , (3.21)

we get the superstring semi-inclusive decay rate as a series summation F = A� p=1 � n − m^2 � p − 1 2 � G_{NS} � N − np + 1 2 m^2(p^2 − p) � + F_{NU} , (3.22)

with N the mass level of the initial string; n = N − N^′, N^′ the mass level of one of the final strings states; m the mass of the other of the final strings whose state is fixed from the start. The above expression has the same form as in the bosonic string.

Note that we considered only the NS sector, and in the following we will argue in the spirit of [13] that NS emission is the dominant decay channel for N large, and R sector is suppressed by 1/N, with N being the initial string mass level. Here for the semi-inclusive amplitude squared (3.1), it is more convenient to introduce only a projector for one of the final states F = � Φ_i|_N � dz^′ z^′ z^{′N−N ′} ⟨Φ_i|V (k, 1)^†

1 + e^{iπF} 2 V (k, v)|Φ_i⟩ . (3.23)

Before GSO projection, the lowest states in R sector are already massless. Their vertex operators are of the form [18]

V^R(u^α ; k^μ ) = e^{− ϕ2}ū^α Θ_α e^{ikX} , (3.24)

– 14 – where the ϕ term comes from superconformal ghosts, and the Θ term, called spin fields, comes from worldsheet fermion zero modes. Compare this with the massless state (3.5) in NS sector, we see that to get to the same mass level, NS sector needs one more piece of excitation of the weight of ∂X than for R sector. The same argument works also for the higher mass levels.

Relative to R sector, this extra excitation will contribute in (3.23) a factor of order ⟨Φ_i|∂X(1)∂X(v)|Φ_i ⟩ for each term in NS sector. Ignoring dependence on the worldsheet coordinates, ∂X∂X acts mainly as the energy-momentum tensor which can be seen by noting that the X scalar contribution to the energy-momentum tensor is

T^X (z) = − 1 α^′

∂X^μ ∂X_μ . (3.25)

So ⟨Φ_i|∂X(1)∂X(v)|Φ_i ⟩ is of order the mass square of the initial string state which scales as N with N large. This extra factor of order N makes NS sector the dominant decay channel. And our truncation to NS sector in the above is seen to be enough at the leading order.

4. Superstring decay with compactification and KKLMMT scenario

We can also compactify type-II strings on the torus. According to the above calculations, we will obtain the same formulas as in (2.37), (2.47)–(2.50). Now the state density has the asymptotic form G(N_L) ≈ 2^{− 134} N^{− 114}_L e^{π √8NL} . (4.1)

The computation of the multiplicative constant in the r.h.s. is included in the appendix A for completeness.

The results on the toroidal compactifications can be used to estimate the massive string decay rates in the more realistic KKLMMT model [11], where the type-IIB strings live in a highly warped throat with Klebanov-Strassler geometry [19]. It was shown in [20] how to use the string reconnection probability for toroidal compactification to study corresponding processes in the warped geometry. We will make use of their treatment.

A general warped geometry

ds^2 = H^{− 12} (Y )η_{μν} dX^μ dX^ν + H^{12} (Y )g_{ij} dY^idY^j (4.2)

will induce a potential [20] V (Y ) = 1 2πα^′H^12 (Y )

(4.3)

on the string worldsheet, this potential confines the string to a small region in the compact dimension near the position where this potential has a minimum. Fluctuations in these compact dimensions [20]

⟨Y^iY^i⟩ = α^′ 2 ln � 1 + 1 2πα^{′2}H^12 (0)∂^2_i V (0) � , (no sum on i) (4.4)

– 15 – provide an effective compactification volume for strings living in. When ∂^2_i V is small in string units, that is, the geometry varies slowly on the string scale, we can look upon the strings in such a warped geometry as in a box with the effective compactification volume, and flat space calculations above applies.

Near the base of Klebanov-strassler solution [19], the geometry is locally R^3 × S^3 with the warp factor H(Y ) = H(0) � 1 − b^′r^2 g_sJα^′ � (4.5)

near the origin of R^3. H(0)^{− 1}4 is determined to be of order 10^{−4} [20], and b^′ nearly 1 [21]. And J counts the number of flux.

As in [20], write the minimum volume of a six-torus as V_{min} = (4π^2α^′)^3, and the effective volume of the six transverse dimensions as V_⊥. The dimensionless quantity^{Vmin}_{V⊥} can be used to measure the effects of compactification. Quantum fluctuations on the R^3 contribute^{(2π)} 3 2 ln^32 (1+g_sJ)

to^{Vmin}_{V⊥} [20]. For S^3, quantum fluctuations give^{(2π)} 3 2 ln^32 (H^12 (0))

, and its

volume constrains the factor to be no less than^{4π}_{(gsJ) 32} [20]. So finally we get

V_{min} V_⊥

≈ inf � 4π (g_sJ)^32

(2π)^32 ln^{32} (1 + g_sJ) , (2π)^3 ln^{32} (H^12 (0)) ln^{32} (1 + g_sJ) � . (4.6)

Here we need not to worry about winding modes, and as a rough estimate we can also neglect the contribution from KK modes. The flat metric total decay rate (2.48) for a typical string of mass M to two strings with mass m and M_2, when these two modes are excluded, can be simplified

Γ[M → m + M_2] ≈ A_{D−d c} 1 V_⊥ g^2_c M^2

N^2G^2k^{D−3−d c} , (4.7)

with N = N_L = N_R, and G = G_L = G_R, and compactification volume V_⊥ =

�_{dc}

i R_i.

Remember that the initial string is averaged, and the final two strings both sum over given mass level. For the warped geometry, (4.7) represents results seen by a 10-dimensional observer. And the quantities measured by the 4-dimensional observer, in our case the mass and the momentum, get red-shifted. Thus we should multiply M, m, M_2 and k all by a red-shift factor H^14 (0). Now the mass shell conditions read like

α^′M^2H^{12} (0) = 4(N − 1) . (4.8)

Let’s look at the eq. (2.74). Now we need to replace t by H^14 (0)t and m_R by H^14 (0)m_R to get Γ^k replaced by Γ^kH^{− 15}8 (0), with D = 10 and d_c = 6 explicitly inserted.

Then the emission rate of a string with mass m from a typical string of mass M in the Klebanov-Strassler geometry can finally be estimated to be

dΓ_{KS}(m) dm ≈ A_{KS}g^2_c H^{− 138} (0)Mm^{− 152}_R , (4.9)

with A_{KS} =^1_{16π 5}^{Vmin}_{V⊥} .

– 16 –

With H^{− 1}4 (0) ∼ 10^{−4} , we see that the emission rate is suppressed by a factor of order 10^{−26} in this warped geometry! With A_{KS} no larger than 10^{−4} , g_S no larger than unity, the multiplicative constant in (4.9) is no larger than 10^{−30} . Thus in this warped geometry, the decay channels for a massive string to two massive strings are greatly suppressed.

We note that the situation is different if one of the two final strings is massless. It is found [13] that the decay rate is proportional to the mass of the initial string. So including the redshift factor, it can be written as

Γ_{massless} ∼ g^2_c MH^{14} (0) , (4.10)

from which we see that this decay channel is enhanced by order 10^4. Thus in such warped geometries, massive strings may lose their energy mainly through gravitational radiation.

5. Discussions

We calculated the average decay rate of a typical massive string state in superstring theory, generalizing the earlier results obtained in the bosonic string theory. We did this calculation with a torus compactification, which at the first look is not realistic enough. However, we see that the calculation can be applied to the brane-inflation model of KKLMMT, we find that the decay is greatly suppressed. We believe that this shall have important phenomenological implications.

To apply our calculation to the problems concerning cosmic strings, we need to know how fundamental strings are generated, for instance in the process of brane-anti-brane annihilation. With that knowledge, we can write down a set of differential equations on the distribution function of massive strings, making use of our result. We may need to take the evolution of the universe into account too. The approach outlined here may replace the usual simulation process to predict the number and the distribution of massive cosmic strings that remain to this day in the sky.

Particularly, it has been argued in [22] that gravitational radiation is not an efficient enough energy loss mechanism for the string network to be consistent with present observation. Other mechanisms are needed to prevent the network from quickly dominate the universe. And from our calculations above, we can see that the large suppression factor is a generic feature for string interactions in the warped geometry with three massive strings involved. Thus it is important to study more carefully the energy loss mechanisms for F-D string networks in warped geometries.

Acknowledgments

This research project was supported by a grant from CNSF and a grant from CAS. We are also grateful to the Interdisciplinary Center of Theoretical Studies for constant support. BC would like to thank C.J. Zhu for the clarification on the chiral splitting of the massive superstring state.

– 17 –

A. Compute the state density for superstrings.

The asymptotic densities of the states for bosonic and superstrings are standard textbook knowledge (see for example [17] and [18]). However, in our computation we need to know the detailed numerical coefficients for superstrings (Manes has done for bosonic string in [14]), which are often not explicitly demonstrated, so we include this appendix to write them out. We follow the whole procedure of [17].

Consider first open strings and NS sector only. The state degeneracy G_{NS} (n) is given by f_{NS} (w) = Tr

1 + e^{iπF} 2 w^N = ∞� n=0 G_{NS} (n)w^n8 ∞� n=1 ( 1 + w^n 1 − w^n

)^8 , (A.1)

with N the summation of the bosonic and fermionic number operators. Generalization of Hardy-Ramanujan formula gives ∞� n=1 ( 1 + w^n 1 − w^n

)^{−1} = ϑ_4(0|w) = (− ln w π )^{− 12} ϑ_2(0|e^{πln w} ) , (A.2)

where the modular transformation of ϑ function

ϑ_4(0|τ) = (−iτ)^{− 12} ϑ_2(0| − 1 τ ) (A.3)

has been used, with τ = − i ln w π . (A.4)

As w → 1, the second argument of ϑ_2, which now reads

τ^′ = − 1 τ = − iπ ln w

, (A.5)

approaches ∞. We know from the expansion

ϑ_2(0|τ^′) = ∞� n=−∞

e^{iπ(n− 12 )2τ′} (A.6)

that ϑ_2(0|τ^′ → ∞) → 2e^{iπ4 τ′} = 2e^{π 24 ln w} . (A.7)

Thus (A.2) is asymptotically ∞� n=1 � 1 + w^n 1 − w^n

�_{−1} → � − ln w π �_− 1_2

2 exp � π^2 4 ln w � . (A.8)

From (A.1), the state degeneracy G_{NS} (n) can be expressed as a contour integral on a small circle around w = 0 G_{NS} (n) = 1 2πi � f_{NS} w^{n+1} dw . (A.9)

– 18 –

To compute the above integration, we make a saddle point approximation near w = 1. The power of w can be put on the exponential

G_{NS}(n) = 1 2πi � 8 � − ln w π �_4

2^{−8} exp � − 2π^2 ln w

− (n + 1) ln w � dw , (A.10)

to get the saddle point at

ln w_0 = √ 2π √ n + 1

, (A.11)

where expansion can be made ln w = ln w_0 + iu . (A.12)

Then G_{NS} (n) is approximately

G_{NS} (n) ∼ 1 2π 1 32 � √ 2 √ n �_4

e^π √ 8n �_∞ −∞ exp � − √ 2n^32 π u^2 � du . (A.13)

Carrying out the integration over u we find

G_{NS} (n) ∼ 2^{− 134} n^{− 114} e^π √ 8n . (A.14)

Or using n ∼ α^′m^2, write it out in terms of mass

G_{NS} (m) ∼ 2^{− 134} α^{′− 114} m^{− 112} e^π √ 8α^′m . (A.15)

Here we use the convention G_{NS} (m)dn = G_{NS} (n)dn, different from [17].

At this point, we also note that R sector has the same expression. And combine the left and right pieces together we arrive at the expression for closed strings

G^{cl}(n) = [G^{op}(n)]^2 ∼ 2^{− 92} n^{− 112} e^{4π} √ 2n . (A.16)

Taking care of the difference between the mass shell conditions of open and closed strings (α^′m^2 ∼ 4n for closed strings), the state degeneracy for closed string as a function of mass reads G^{cl}(m) ∼ 2^{132} α^{′− 112} m^{−11} e^π √ 8α^′m . (A.17)

Thus open and closed strings have the same Hagedorn temperature

T_H = 1 π √ 8α^′

. (A.18)

References

[1] M.B. Hindmarsh and T.W. Kibble, Cosmic strings Rept. Prog. Phys. 58 (1995) 477;

A. Vilenkin and E.P.S. Shellard, Cosmic strings and other topological defects, Cambridge University Press, Cambridge 1994.

[2] E. Witten, Cosmic superstrings, Phys. Lett. B 153 (1985) 243.

[3] E.J. Copeland, R.C. Myers and J. Polchinski, Cosmic F- and D-strings, JHEP 06 (2004) 013 [hep-th/0312067];

J. Polchinski, Introduction to cosmic F- and D-strings, hep-th/0412244.

– 19 –

[4] G. Dvali, R. Kallosh and A. Van Proeyen, D-term strings, JHEP 01 (2004) 035 [hep-th/0312005];

G. Dvali and A. Vilenkin, Formation and evolution of cosmic D-strings, JCAP 03 (2004) 010 [hep-th/0312007].

[5] A. Sen, Rolling tachyon, JHEP 04 (2002) 048 [hep-th/0203211].

[6] D. Kutasov, D-brane dynamics near NS5-branes, hep-th/0405058.

[7] B. Chen, M. Li and F.-L. Lin, Gravitational radiation of rolling tachyon, JHEP 11 (2002) 050 [hep-th/0209222];

N. Lambert, H. Liu and J. Maldacena, Closed strings from decaying D-branes,

hep-th/0303139.

[8] Y. Nakayama, Y. Sugawara and H. Takayanagi, Boundary states for the rolling D-branes in ns5 background, JHEP 07 (2004) 020 [hep-th/0406173];

D.A. Sahakyan, Comments on D-brane dynamics near NS5-branes, JHEP 10 (2004) 008 [hep-th/0408070];

B. Chen, M. Li and B. Sun, Dbrane near ns5-branes: with electromagnetic field, JHEP 12 (2004) 057 [hep-th/0412022];

D. Bashkirov and G. Sardanashvily, The brst extension of gauge non-invariant lagrangians,

hep-th/0401176;

Y. Nakayama, K.L. Panigrahi, S.-J. Rey and H. Takayanagi, Rolling down the throat in ns5-brane background: the case of electrified D-brane, JHEP 01 (2005) 052 [hep-th/0412038].

[9] A. Sen, Open-closed duality at tree level, Phys. Rev. Lett. 91 (2003) 181601 [hep-th/0306137];

D. Gaiotto, N. Itzhaki and L. Rastelli, Closed strings as imaginary D-branes, Nucl. Phys. B 688 (2004) 70 [hep-th/0304192].

[10] S. Kachru, R. Kallosh, A. Linde and S.P. Trivedi, De Sitter vacua in string theory, Phys.

Rev. D 68 (2003) 046005 [hep-th/0301240].

[11] S. Kachru et al., Towards inflation in string theory, JCAP 10 (2003) 013 [hep-th/0308055].

[12] D. Amati and J.G. Russo, Fundamental strings as black bodies, Phys. Lett. B 454 (1999) 207 [hep-th/9901092].

[13] D. Chialva, R. Iengo and J.G. Russo, Search for the most stable massive state in superstring theory, JHEP 01 (2005) 001 [hep-th/0410152].

[14] J.L. Manes, Emission spectrum of fundamental strings: an algebraic approach, Nucl. Phys. B 621 (2002) 37 [hep-th/0109196].

[15] R. Iengo and J.G. Russo, The decay of massive closed superstrings with maximum angular momentum, JHEP 11 (2002) 045 [hep-th/0210245]; Semiclassical decay of strings with maximum angular momentum, JHEP 03 (2003) 030 [hep-th/0301109]; D. Chialva, R. Iengo and J.G. Russo, Decay of long-lived massive closed superstring states: exact results, JHEP 12 (2003) 014 [hep-th/0310283];

D. Chialva and R. Iengo, Long lived large type-II strings: decay within compactification, JHEP 07 (2004) 054 [hep-th/0406271].

[16] D. Mitchell, N. Turok, R. Wilkinson and P. Jetzer, The decay of highly excited open strings, Nucl. Phys. B 315 (1989) 1, erratum ibid. B322 (1989) 628;

– 20 –

J. Dai and J. Polchinski, The decay of macroscopic fundamental strings, Phys. Lett. B 220 (1989) 387;

H. Okada and A. Tsuchiya, The decay rate of the massive modes in type-I superstring, Phys. Lett. B 232 (1989) 91;

B. Sundborg, Selfenergies of massive strings, Nucl. Phys. B 319 (1989) 415; D. Mitchell, B. Sundborg and N. Turok, Decays of massive open strings, Nucl. Phys. B 335 (1990) 621.

[17] M.B. Green, J.H. Schwarz and E. Witten, Superstring theory, Cambridge University Press, Cambridge 1987.

[18] J. Polchinski, String theory, Cambridge University Press, Cambridge 1998.

[19] I.R. Klebanov and M.J. Strassler, Supergravity and a confining gauge theory: duality cascades and χSB-resolution of naked singularities, JHEP 08 (2000) 052 [hep-th/0007191].

[20] M.G. Jackson, N.T. Jones and J. Polchinski, Collisions of cosmic F- and D-strings,

hep-th/0405229.

[21] C.P. Herzog, I.R. Klebanov and P. Ouyang, D-branes on the conifold and N = 1 gauge/gravity dualities, hep-th/0205100.

[22] T. Vachaspati and A. Vilenkin, Evolution of cosmic networks, Phys. Rev. D 35 (1987) 1131.

– 21 –