Published by Institute of Physics Publishing for SISSA Received: April 8, 2005 Accepted: May 10, 2005 Published: June 13, 2005

Reconnection of colliding cosmic strings

Amihay Hanany

Center for Theoretical Physics, Massachusetts Institute of Technology, Cambridge, MA 02139, U.S.A. E-mail: hanany@mit.edu

Koji Hashimoto

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

Abstract: For vortex strings in the abelian Higgs model and D-strings in superstring theory, both of which can be regarded as cosmic strings, we give analytical study of reconnection (recombination, inter-commutation) when they collide, by using effective field theories on the strings. First, for the vortex strings, via a string sigma model, we verify analytically that the reconnection is classically inevitable for small collision velocity and small relative angle. Evolution of the shape of the reconnected strings provides an upper bound on the collision velocity in order for the reconnection to occur. These analytical results are in agreement with previous numerical results. On the other hand, reconnection of the D-strings is not classical but probabilistic. We show that a quantum calculation of the reconnection probability using a D-string action reproduces the nonperturbative nature of the worldsheet results by Jackson, Jones and Polchinski. The difference on the reconnection — classically inevitable for the vortex strings while quantum mechanical for the D-strings — is suggested to originate from the difference between the effective field theories on the strings.

Keywords: Solitons Monopoles and Instantons, D-branes, Tachyon Condensation, Cosmology of Theories beyond the SM.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep062005021 /jhep062005021 .pdf

Contents

1. Introduction 1

2. Vortex strings and D-strings 3

3. Reconnection of colliding vortex strings 6 3.1 Effective field theory on vortex strings 6 3.2 Proof of reconnection of colliding vortex strings 8 3.3 Static vortex strings: reconnection via pair annihilation 10 3.4 Velocity upper bound for reconnection of vortex strings 13

4. Reconnection of colliding D-strings 15 4.1 Tachyon condensation and reconnection 15 4.2 Time evolution of tachyon wave function and reconnection condition 17 4.3 Reconnection probability 18

5. Summary and Discussions 21

1. Introduction

Recent revival of the study of cosmic strings [1] originates partially in the proposal that cosmic strings can be fundamental superstrings, D-strings, or their bound states called (p, q)-strings in various compactification scenarios [2, 3].^1 Many other options like wrapped branes on supersymmetric cycles or tensionless strings can be good candidates as well. Though first mostly denied by E. Witten [5] 20 years ago, this possibility was re-born thanks to the decade’s developments in string/M-theory which have provided fertile bases for constructing semi-realistic universes in terms of D-branes. Pursuing the possibility is quite important by the obvious reason that we may observe some signals of those very stringy objects directly in the sky.

For cosmic strings, various classical solutions such as vortex strings in abelian Higgs models and other scalar/gauge field theories allowing topological vortices have been adopted to model them and study their properties.^2 One of the points which distinguishes the fundamental strings or the D-strings from the field theory vortex strings is in their reconnection

1See also reviews [4].

2Note that Type I/II cosmic strings are not related to Type I/II superstrings. The former types are distinguished by a relation between the two coupling constants in the abelian Higgs model. In addition, “gauge strings” refer to vortex strings in the abelian Higgs model, while “global strings” arise in scalar field theories with topologically nontrivial vacua.

– 1 –

Figure 1: Reconnection of strings.

probability [3]. When strings collide with a relative angle, they may be cut once at the collision and connected at the different ends. This is called reconnection (or recombination, inter-commutation), see figure 1. This reconnection probability is one of the indispensable ingredients for simulating galaxy formation in the early universe, and is important also for the direct detection of gravitational waves arising from cusps created when the cosmic strings are reconnected. For the vortex strings, numerical simulations [6 – 8] have been extensively performed and exhibit the universal feature: these vortex strings always reconnect classically for small collision velocities, while above a velocity upper bound they do not reconnect. On the other hand, for fundamental strings and D-strings, the reconnection is probabilistic for any collision velocity [9]. Based on the difference between the two, some numerical simulations depending on this probability were reported recently [10].

In this paper, we clarify the origin of this difference theoretically and analytically. In a word, it comes from the difference of the effective field theories on the strings. For the effective action of the D-strings (which is called a D-string (or D-brane) action) there are classical solutions representing D-strings passing through each other without reconnection. Since such classical solutions exist, the reconnection occurs only in a probabilistic manner.^3 On the other hand, for vortex strings the effective field theory on those does not allow such classical solutions and thus the reconnection takes place classically, and inevitably.

The effective field theory on the vortex is a sigma model whose target space has been derived recently by using brane realization techniques [12]. Thus it comes from a D-brane action, but the presence of additional matter fields due to the specific brane configuration and also the field theory limit make the resulting effective field theory of the vortex strings look very different from the usual D-brane action. More precisely, the theory on the vortex string contains fundamental matter fields and the relevant dynamics is in the Higgs phase of the effective theory. We give an analytical proof that the vortex strings always reconnect for small collision velocity and collision angle, by using the effective sigma model. This technique also allows to explain the existence of the velocity upper bound, and we derive it analytically by considering a geometrical constraint on the shape of the reconnected vortex strings. It turns out that the upper bound coincides with the result of [13] which was obtained by looking at deformations of classical solutions of the abelian Higgs model.

3For fundamental strings, the reconnection is probabilistic from the first place as known in an interaction in a string field theory [11]. So we don’t deal with the fundamental strings in this paper.

– 2 –

For colliding D-strings, classically nothing occurs because the usual D-string action allows a simple solution describing the D-strings passing through each other without reconnection. But quantum mechanically there appears a tachyonic instability intrinsic to intersecting D-branes [14, 15]. The tachyon condensation leads to the reconnection [16], and we study time evolution of a tachyon wave function to evaluate the reconnection probability. The result shares the same non-perturbative property as found in the string worldsheet calculation in [9].

The organization of this paper is as follows. In section 2, we show two effective actions and give the classical difference between the colliding solutions, to explain the difference between the reconnection property of the D-strings and the reconnection property of the vortex strings. In section 3, we give the analytical proof of the reconnection of the vortex strings and the velocity upper bound. In section 4, the D-string reconnection probability is calculated. Section 5 is devoted to a summary and discussions.

2. Vortex strings and D-strings

The abelian Higgs model of our interest can be realized as a field theory limit of a theory on a D4-brane embedded in a certain brane configuration [17], and therefore the vortex strings can also be described as a D-brane in that brane configuration [12]. We shall review the D-brane action and the brane configuration, in order to clarify the difference between the vortex strings and the D-strings themselves.

First, we consider D-strings in the absence of other kinds of branes. The D-strings are moving in 10 dimensional spacetime, and in some compactification scenario these D-strings can be thought of as cosmic strings. The bosonic part of the D-string low energy action in flat target spacetime is S = 2πl^2_s g_s � dtdx Tr � − 1 4 F_{μν} F^{μν} − 1 2 D_μ Φ_iD^μ Φ^i + 1 4 [Φ_i, Φ_j ]^2 � (2.1)

where the eigenvalues of 2πl^2_s Φ (l_s is the string length) measures the target space location transverse to the worldsheet of the D-strings, and thus i runs from 2 to 9, the transverse dimensions. We consider a pair of D-strings tilted and colliding with each other, and in fact there is a classical solution representing them passing through each other without reconnection:

2πl^2_s Φ_2 = � tan �_θ 2 � x 0 0 − tan

�_θ 2 � x � , 2πl^2_s Φ_3 = � vt 0 0 −vt � . (2.2)

Here θ is the relative angle between the D-strings, and 2v is the relative velocity.^4 At the collision incidence, nothing like the reconnection occurs. The solution represents two straight D-strings, but any collision of D-strings can be described by this solution at least locally around the collision point. This immediately tells us that colliding D-strings do not

4The action (2.1) is valid for a slow motion of the D-strings. To treat fast (relativistic) collisions, one has to use the non-abelian Born-Infeld action.

– 3 –

NS5 NS5 D4

Δx^6

(a)

NS5 D6

NS5 (b) (c)

Δx^9

D4

D4 D2

NS5 NS5

D2 D6 D4

Figure 2: The brane configuration relevant for the abelian Higgs model. (a) On the D4-brane suspended between parallel NS5-branes, 4 dimensional N = 2 U(1) theory is realized. (b) The FI term is turned on, and the effective theory is the abelian Higgs model. The dashed line ending on the D4-branes shows a D2-brane (on a “flavor” D6-brane) which is identified with a vortex string. (c) The D2-brane (dashed line) is in a Coulomb phase of its effective field theory. Because it can freely move away from the D4-brane, there is no solitonic interpretation in 3+1 dimensions.

cause the reconnection classically.^5 This argument is valid as long as the D-string action is effective: for decoupling of closed strings (g_s → 0) and at the low energy (θ ≪ 1 and v̄ ≪ 1 for the configuration of (2.2)).

On the other hand, we claim that any collision of vortex strings in the abelian Higgs model causes the reconnection if the collision velocity and the collision angle are small enough, that is, for the same parameter region (θ ≪ 1,v̄ ≪ 1). We first derive the effective theory on the pair of the vortex strings by following [12], then show that any classical solution of the form (2.2) does not exist. The derivation in [12] is through brane configurations in Type IIA string theory, and resultantly the effective action comes from a D-brane action and thus resembles (2.1). However, as we will see, there appears a crucial difference.

The N = 2 abelian Higgs model in 4 dimensions can be realized as a theory on a D4-brane suspended between two parallel NS5-branes in Type IIA superstring theory: see figure 2(a). We have in addition several D6-branes perpendicular to the other branes, to realize hypermultiplets. Turning on the Fayet-Illiopoulos parameter v_{AH} corresponds to a translation of one of the NS5-branes along x^9. The vortex strings are realized as D2-branes placed on the D6-branes and suspended between the D4-branes, see figure 2(b). These D2- branes correspond to the vortex strings, as they possess the correct charges and amount of supersymmetries. The bosonic part of the effective field theory on two D2-branes is [12]

S_{vortex}= � dtdx Tr � − 1 4g^2

F_{μν} F^{μν} − D_μ Z^†D^μ Z − D_μ ψ^†D^μ ψ − g^2 2 � ψψ^† −[Z, Z^†]− r1_{2×2}

�_2�

(2.3)

5However, a quantum treatment shows probabilistic reconnection via condensation of tachyonic fundamental strings connecting the two D-strings, as we will see in section 4.

– 4 – which is a 1 + 1 dimensional U(2) gauge theory with a complex adjoint field Z and a vector field ψ. Note that the theory becomes 2 dimensional since we took a limit where the dynamics along x^9 can be ignored. We appropriately rescaled the adjoint scalar fields Φ^i and introduced a complex field representation Z ∝ Φ^2 + iΦ^3. The lagrangian includes terms of the D-string action (2.1), but two features peculiar to (2.3) is that there are a FI parameter r and a new field ψ. This r and the gauge coupling appearing in the effective theory are related to the string theory parameters and the original abelian Higgs model parameters by 1 g^2 = l_sΔx^9 g_s

= (2π)^3l^4_s v^2_{AH} , r =

Δx^6 2πg_sl_s = 2π g^2_{AH}

. (2.4)

Here v_{AH} and g_{AH} are the FI parameter and the gauge coupling, respectively, in the original abelian Higgs model. As shown in [12], we have to take the strong coupling limit g → ∞ so that the original abelian Higgs model is decoupled from other stringy modes. Therefore, the dynamics of the vortex strings is dictated solely by the moduli space of the theory (2.3). This moduli space is defined by the D-term condition

ψψ^† − [Z, Z^†] − r1_{2×2} = 0 . (2.5)

Thus, the effective theory of the vortex strings is a sigma model whose target space is defined with this D-term equation. It describes any slow motion of the vortex strings.^6 The important fact is that the D-term equation (2.5) does not allow the configuration (2.2) due to the existence of the FI parameter r. The configuration (2.2) gives vanishing commutator [Φ_2, Φ_3] = 0 which cannot satisfy (2.5) because the 2 × 2 matrix ψψ^† is of rank 1. Thus, there is no naive classical solution of vortex strings passing through each other.

If we take r = 0, the lagrangian (2.3) mostly reduces to the D-strings action (2.1). In the brane configuration, this may be achieved by putting Δx^6 = 0, then the D4- and D6-branes become irrelevant for the motion of the D2-branes, and thus there are no fundamental fields and no FI term in the D2-brane action. In this limit Δx^6 = 0, there is no solitonic interpretation of the D2-brane in the 4 dimensional theory. See figure 2(c). The D2-branes (macroscopically ∼ D-strings) can pass through each other classically, as the solution (2.2) shows. On the other hand, when r ≠ 0, the theory acquires the fundamental field ψ and is in a Higgs phase, then the configuration (2.2) is not allowed on the moduli space. This classical fact is the origin of the difference between the reconnection property of colliding strings.

In the next section, we introduce appropriate coordinates to parametrize the moduli space (2.5) and solve the sigma model to show the inevitability of the reconnection of the colliding vortex strings. In section 4, we explain how a quantum mechanics on the classical D-string solution (2.2) will cause the reconnection.

6Though we have used a specific brane realization of the abelian Higgs model, there are many other brane configurations. However, any embedding of the model in string theory will reproduce the same result for the effective theory on the vortex string, after taking the decoupling limit (the low energy limit).

– 5 –

3. Reconnection of colliding vortex strings

3.1 Effective field theory on vortex strings

The Moduli space metric on this Higgs branch defined by the D-term condition (2.5) was determined by a Kähler quotient technique in [18], which we shall utilize in the following. The D-term condition (2.5) can be solved by the parametrization [18]

Z = w1_{2×2} + z � 1 � 2b/a 0 −1 � , ψ = √ r � √ 1 − b √ 1 + b � (3.1)

where a ≡ 2|z|^2 r , b ≡ 1 a + √ 1 + a^2

. (3.2)

The parameter w describes the center-of-mass for the two vortex strings, while 2z parametrizes the relative position of them. This can be seen when real or imaginary part of the matrix Z is diagonalized. (These cannot be diagonalized simultaneously, though.) Using this parametrization, the metric on the moduli space spanned by z is given by [18]

ds^2 = g(|z|)dzdz , g(|z|) ≡

|z|^2 � |z|^4 + r^2/4

. (3.3)

The center of mass position w is decoupled from z in this approximation of slow motion on the moduli space, so we concentrate on z. The effective action of the relative motion of the two vortex strings is then written as

S = T � dtdx g(|z|)∂_μ z(t, x)∂^μ z(t, x) . (3.4)

The approximation is valid if the lagrangian (the integrand in the above S) itself is small compared to 1. T is an analogue of the tension of strings, but this overall factor is irrelevant in the following classical computations.

The metric g(|z|) describes a resolved cone geometry. This can be read from the asymptotic behavior of the metric,

g(|z|) ∼

�_{2|z|2} r for |z| <

�_r 2 1 for |z| >

�_r 2 (3.5)

For large separation |z| ≫ � r/2, the metric of course goes to the flat metric. But when the vortex strings are close (z ∼ 0), we can make a coordinate transformation

~z ∼ 1 √ 2r z^2 (3.6)

resulting in a metric ds^2 ∼ |d~z|^2. That is, near the origin a well-behaving coordinate is ~z rather than z. As is obvious from this expression of the coordinate transformation, the correct interpretation of z is through the identification z = z, that is, antipodal points in z space are identified [19]. This fact is in agreement with the observation by Ruback [20].

– 6 –

(a) x

Im z θ Re z z ~z

(b) (c) Figure 3: (a) Initial motion of the two vortex strings (the thick line and the dashed thick line with arrows indicating their orientations). Small arrows show the direction of the motion. (b) Projection of (a) onto the plane spanned by the complex coordinate z. The dashed line is a mirror partner of the thick line. (c) Configuration of (a)(b) mapped onto the plane spanned by ~z.

Now let us consider two colliding gauge strings. We consider an initial condition at some time t = t_{ini} as

z = z_0 + i tan � θ 2 � x (3.7)

ż = − v 2 (3.8)

where the three parameters θ, z_0 and v are real and positive. The configuration of two vortex-strings is shown in figure 3(a). Immediately one can deduce that θ is the relative angle of the strings, and v is the relative velocity. Thus at t = t_{ini} the closest distance between the strings is 2z_0. We assume that v and θ are small so that we can use the moduli space approximation. This actual string configuration in the 3 dimensional space spanned by x, z can be consistently projected onto the 2 dimensional plane spanned only by z, see figure 3(b). We may consider the relative motion of the strings on this projected complex z-plane.

Respecting the identification of the antipodal points, we make the following coordinate transformation in the target space:

~z ≡ z^2 2(|z|^4 + r^2/4)^{1/4}

. (3.9)

When z ∼ 0, this transformation reproduces (3.6). This coordinate makes the geometrical picture of the metric clearer as follows. The geodesic distance in this coordinate ~z ≡ ρe^{iφ} is written as

ds^2 = � 1 + � df(ρ) dρ �_2�

dρ^2 + ρ^2dφ^2 (3.10)

– 7 – f

Im ~z

Re ~z

Figure 4: The moduli space metric is an induced metric on a 2 dimensional surface embedded in the 3 dimensional f-~z space. This surface is a smoothed cone of a deficit angle π.

where f(ρ) is a smooth function determined through (3.9). We need only its asymptotic values,

f(ρ) ∼ − √ 3ρ (ρ ∼ ∞) , f(ρ) ∼ − � 2 r ρ^2 (ρ ∼ 0) . (3.11)

The expression (3.10) shows that it describes a smeared surface of a cone with a deficit angle π. It is a metric induced on a 2 dimensional hypersurface in 3 dimensions spanned by ~z = ρe^{iφ} and a hypothetical new coordinate f, with the embedding f = f(ρ). The deficit angle π can be read from the asymptotic slope of f, lim_{ρ→∞} |df/dρ| = √ 3. See figure 4.

3.2 Proof of reconnection of colliding vortex strings

Note that for scattering of vortices (not the vortex strings) in 2 spatial dimensions, the moduli space metric is the same as (3.10). The initial condition of the colliding vortices is (3.8) with θ = 0: this is a simple dimensional reduction along x from the vortex string case. And it is obvious that the worldline trajectory of the vortex is just a straight line going through the top of the cone — a straight line in the ~z-space. In terms of z, this means a right-angle scattering [20, 19].

The motion of the colliding vortex strings is described by a Polyakov string whose motion is constrained on this smeared cone with a particular initial motion. The initial condition (3.8) is given as figure 3(c) in the ~z-plane, and if we map it onto the cone, it is a Polyakov string winding the top of the smeared cone, see figure 5(a). The Polyakov string moves slowly toward the top of the hill, and because the top is smeared the string can smoothly travel beyond the top and come down, as in figure 5(b), which we call a final configuration. On the projected ~z-plane, the shape of the final configuration is shown in figure 6(c). Mapping this back to the original 3 dimensional space, we obtain figure 6(a),

– 8 –

(a) (b) Figure 5: (a) The initial configuration of the Polyakov string (the thick line with an arrow) on the cone corresponding to two straight vortex strings colliding. The small arrows show the direction of the motion of the Polyakov string. (b) The Polyakov string travels without feeling any singularity through the top of the cone, and arrives at the final configuration.

(a) x

Re z z ~z

(b) (c) Figure 6: (c) The string configuration in ~z space after a while. (b) The configuration of (c) is mapped to the space z. (a) It is lifted back to the original 3 dimensional space. The vortex strings are reconnected. The thick line is now connected with its original mirror string (dashed thick line).

which shows that the vortex strings are reconnected. We saw here that a smooth travel of the Polyakov string on the smeared cone geometry turns out to give the reconnection of the original colliding vortex strings. This proof is valid as long as the sigma model description (3.4) does not break down. Thus, the reconnection always occurs for small collision velocity v ≪ 1 and small intersection angle θ ≪ 1.

If we take a slice x = 0 of the vortex strings, it can be interpreted as a scattering of a pair of vortices in 2 dimensions. For any slice of a fixed value of x, the reconnection

– 9 – x

Re z

Figure 7: Reconnection of the colliding strings (Left) can be understood as a collection of colliding vortices in 2 dimensions with various impact parameters (Right). At the slice x = 0, the vortex string reconnection is equivalent to the right-angle scattering of the vortices.

of the colliding vortex strings can be seen as a scattering of the vortices with various impact parameters given by (3.8) with the value of x substituted. This is the intuitive understanding of the reconnection, see figure 7. The slice x = 0 has been considered first in ref. [13].

When the collision velocity is large enough, numerically the velocity upper bound has been observed for the reconnection to occur [6]. In this situation, the sigma model approximation becomes incorrect, but in the next subsection we derive the upper bound analytically by looking at a relativistic consistency condition for the shape of the reconnected vortex strings. But before closing this subsection, we would like to give an intuitive picture of the existence of the upper bound, using the figure of the cone, figure 4, 5. Suppose that even for vortex strings moving relativistically fast, the cone geometry captures a correct dynamics. When the relative velocity is too fast, the motion of the Polyakov string at the bottom of the cone in the figures is very fast, and it goes around the cone faster than the string passes the top of the cone. See figure 8(a). Then the final configuration is not in the region Re ~z < 0 as in figure 5(b) but comes back to the region Re ~z > 0 (figure 8(b)). A careful look at the string reveals that the orientation of the final Polyakov string is opposite compared to the initial configuration of figure 5(a). This means that in the original spacetime the vortex strings pass through each other without reconnection.

3.3 Static vortex strings: reconnection via pair annihilation We have seen that the map to the Polyakov string on the cone geometry provides a physical and clear understanding of the reconnection of the colliding vortex strings. It would be better to confirm the dynamics by explicitly solving the equations of motion of the sigma model action (3.10) with the given initial condition (3.8), but it turns out to be complicated.

– 10 –

(a) (b) Figure 8: (a) When the relative velocity is large, the encircling speed of the Polyakov string far from the tip of the cone (the speed at the bottom in the figure) is so large that the string selfintersects. (b) As a consequence, after a while the Polyakov string is brought on the side of positive Re ~z, but the orientation is opposite to the original configuration in figure 5 (a).

In this subsection we solve them with a static ansatz, which provides an evidence supporting the inevitability of the reconnection for vortex strings. The static ansatz can be understood as an adiabatic collision of the vortex strings, that is, an infinitesimally small collision velocity v. We will see that static configurations of a pair of the vortex strings tend to be aligned in orientations opposite to each other: locally around the intersection point it becomes a string anti-string pair. Field theoretically the pair of the vortex string and the anti vortex string should be unstable and would decay to the vacuum (only around the intersection), then the resulting configuration should be the reconnected vortex strings. Our result is coincident with [21] in which a different effective analysis on the vortex strings has been performed.

The equations of motion for the field z(t, x) ≡ z_1 + iz_2 of the sigma model (3.4) in two dimensions are

∂_μ (g(|z|)∂^μ z) = 0 . (3.12)

The static ansatz ∂_0z = 0 can be consistently imposed. Furthermore, we restrict our attention to the case where Rez = z_1 is a real constant z_0. This means that one vortex string lies on a two dimensional plane Re z = z_0 while the other lies on Re z = −z_0. Because ∂z_1 = 0, this restriction is again consistent with the equations of motion, thus the dynamical variable to be solved is only z_2(x). The equation of motion in this case can be integrated immediately to give

x = C

�_{z2} 0 g dy (3.13)

– 11 –

Im z x

Figure 9: A static solution of two vortex strings lying on the same plane Re z = 0. The dashed line is the mirror string (specified by −z). At the origin, the orientation of the solid line is opposite to that of the dashed line, showing the tendency to form a pair of string and anti-string.

where the argument of g is given by |z| = � z^2_0 + y^2, and thus g = z^2_0 + y^2 � (z^2_0 + y^2)^2 + r^2/4

. (3.14)

We have fixed an integration constant by putting z_2(x = 0) = 0 without losing generality, and C is another integration constant which can be determined as follows. The relative angle between the vortex strings can be seen in their asymptotic slopes. Noting that above g goes to the unity for large y, we find x ∼ Cz_2 for large z_2. Therefore C = 1 tan(θ/2)

. (3.15)

Because the function g is a monotonically increasing function of z_2 for fixed z_1 = z_0, we deduce that ∂x/∂z_2 is also monotonically increasing and approaching 1/ tan(θ/2) asymptotically. The value of ∂x/∂z_2 at the origin x = z_2 = 0 is ∂x ∂z_2 � � �_{x=z2=0} = 1 tan(θ/2) z^2_0 � z^4_0 + r^2/4

. (3.16)

The important point is that this vanishes for z_0 = 0. See figure 9. For the value z_0 = 0, two vortex strings are on the same two dimensional plane z_1 = 0. At the origin z_1 = z_2 = x = 0 they intersect, and in fact become anti-parallel to each other: a pair of a vortex string and an anti vortex string. They should annihilate with each other, and the resulting configuration should be the reconnected vortex strings. The reasoning that the local pair annihilation of strings leads to the reconnection is the same as what was found in [16] in D-brane reconnection.

The fact that two static vortex strings tend to intersect with relatively opposite orientation is a supporting evidence for the inevitability of the reconnection of the colliding strings. Our result is consistent with ref. [21] in which a different effective description of the vortex strings was adopted.

– 12 –

2V t

2v̄t

(a) θ

(b) (c) Figure 10: Schematic figure of reconnection of vortex strings. (a) Two vortex strings (thick lines) are colliding. Small arrows indicate the directions of the string motion. (b) They collide at t = 0. (c) They reconnect with each other. The shape after the reconnection is assumed in such a way that the reconnected part is on a dashed box which expands. The blobs represent kink points. The thick dashed lines are the strings which would have been present if the reconnection didn’t occur.

3.4 Velocity upper bound for reconnection of vortex strings The numerical simulations [6] indicate that there is an upper bound for the relative velocity, for the vortex strings to be reconnected. The “probability” of reconnection, termed in [6] should be understood as a condition on the velocity for the reconnection to occur classically. For vortex strings, the reconnection is a purely classical phenomenon. There is a paper [13] which tried to derive in field theories this upper bound by analytic calculations concerning deformation of classical solutions of two coincident vortices with some ansatz. The result is the following velocity upper bound,

v̄ < � 4α(1 − cos θ) 1 + 4α(1 − cos θ)

, (3.17)

where v̄ is the velocity of the colliding vortex strings in the center-of-mass frame (and thus related to the relative velocity v as v = 2v̄/(1 + v̄^2)), and α is an unknown parameter introduced in the ansatz in [13]. This dependence on θ coincides with the numerical results in [6] qualitatively. In this section we derive this velocity upper bound (3.17) by a geometrical consideration, without referring to any classical field configuration. Thus, although the condition (3.17) has been derived with a specific field configuration in a certain theory, we show that the same upper bound holds true for general vortex strings.

First we assume that the shape of the reconnected vortex strings is as in figure 10, and neglect the effect of the energy of the kink points. In the center-of-mass frame, the velocity of the original strings is v̄ and the velocity of the reconnected region is V . Generically V

– 13 – may depend on time but here we consider the configuration at times just a little after the collision and so t is close enough to the collision incidence t = 0 and thus we may regard V as a constant. Note that the direction of the motion V is perpendicular to that of v̄, due to our assumption on the shape of the strings.

Let us consider the energy gain by assuming that the reconnection has occurred,

δE = E_+ − E_− . (3.18)

Here E_+ is the energy produced by the reconnection, that is, the energy of the string between the generated kinks. (In figure 10, this is the energy of the solid lines along the box surface.) E_− is the energy of the original strings which disappeared after the reconnection. (In figure 10, this is the energy of the dashed lines.) Since the location of the kink points are � V t cot � θ 2 � , V t,v̄t � , � −V t cot � θ 2 � , V t, −v̄t � , (3.19)

an explicit calculation gives

E_+ = 4T t � v̄^2 + V^2 cot^2(θ/2) √ 1 − V^2

. (3.20)

The denominator comes from the gamma factor for relativistic motion of the strings. The numerator is the length of the reconnected strings. On the other hand, the loss of the energy E_− is

E_− = 4T V t √ 1 −v̄^2 sin(θ/2)

. (3.21)

Thus we obtain the total energy gain,

δE = 4T t � � v̄^2 + V^2 cot^2(θ/2) √ 1 − V^2 − V √ 1 −v̄^2 sin(θ/2) � . (3.22)

Given an initial velocity v̄, if this energy gain can be negative for an appropriately chosen velocity V , then the reconnection should occur.

We note here that a-priori there is a restriction on the value of V , because the kink points cannot propagate faster than the speed of light. This condition can be easily read from the kink coordinates (3.19), giving a constraint

0 ≤ V ≤ � 1 −v̄^2 sin(θ/2) (≡ V_{max}) . (3.23)

At the allowed velocity minimum V = 0, the energy gain δE is positive, while at the allowed velocity maximum V = V_{max}, the energy gain vanishes (see figure 11). Checking the sign of the derivative ∂(δE)/∂V , we find the condition for v̄ to provide a negative δE with a suitably chosen V in the allowed region (3.23), as

v̄ < sin(θ/2) � 1 + sin^2(θ/2)

. (3.24)

– 14 – δE

V_{max}

(Large v̄)

0 V δE

V_{max}

(Small v̄)

0 V

Figure 11: The energy gain in the allowed region of V . For large v̄, there is no value of V in the allowed region 0 < V < V_{max} which gives a negative δE (Left), while for small v̄ there exist such values (Right).

Thus we have an upper bound for v̄ to have the reconnection. This bound is derived only from a geometrical consideration, but surprisingly, it is the same as (3.17) found in [13], if we choose the parameter α = 1/8.^7

4. Reconnection of colliding D-strings

In this section we give an estimation of the probability of reconnection of two D-strings when they collide with a constant relative velocity, by using a low energy effective field theory on D-strings (2.1). As shown in section 2, there is a classical solution of colliding D-strings passing through each other without reconnection. The reconnection is triggered by quantum tachyonic fluctuations around the classical solution, as we will see. Thus the crucial point is that the reconnection is actually a probabilistic event, in contrast to the case of the classical reconnection of the colliding vortex strings studied in section 3. In the following, we compute the reconnection probability of the colliding D-strings whose classical trajectory is given by (2.2). We shall compare our result with the calculation by the string worldsheet theory given in [9] and find a qualitative agreement.

4.1 Tachyon condensation and reconnection

First let us briefly review how the reconnection of intersecting D-strings is realized by the tachyon condensation in terms of Yang-Mills theory on the D-strings [16]. For intersecting D-branes, there appear tachyonic fluctuations around the intersection point, and the condensation of them shows a reconnection. This has been explicitly demonstrated in [16], and further studied in [22 – 24].^8

We start with the D-string action (2.1) which is the 1+1 dimensional SU(2) Yang-Mills theory. Precisely, this is a low-energy effective action of two coincident parallel D-strings.

7In the present evaluation of the velocity upper bound, we assumed the shape of the reconnected vortex strings and the position of the kinks. Thus it is possible that the true upper bound may be a little bigger than what we have obtained here, (3.24).

8For related earlier references, see [15, 25].

– 15 –

Following [16], we turn on an intersection angle θ (while keeping the D-strings on a twodimensional plane, v̄ = 0 in (2.2) and thus Φ_3 = 0) and perform a fluctuation analysis, to get the lowest fluctuation mode

Φ_2 =

T (t) 2 � 0 1 1 0 � exp � − tan(θ/2)

2πl^2_s x^2 � , (4.1)

A_x =

T (t) 2 � 0 −i i 0 � exp � − tan(θ/2) 2πl^2_s x^2 � . (4.2)

Here x is the coordinate along the original D-string worldvolume, and we took the gauge A_0 = 0. This fluctuation eigen-mode has the mass squared

m^2 = − tan(θ/2)

πl^2_s + (2z_0)^2 (2πl^2_s )^2

(4.3)

with z_0 = 0. The parameter z_0 appearing here becomes non-zero if another transverse separation along Φ_3 between the D-strings is turned on as 2πl^2_s Φ_3 = diag(z_0, −z_0). (This z_0 has been set to zero in [16].) Inclusion of nonzero constant z_0 in the fluctuation analysis is straightforward, and the result (4.3) coincides with the string worldsheet analysis [14] for θ ≪ 1. In addition, there are infinite number of other eigen-modes with higher mass squared, which reproduce a part of the worldsheet spectra of a string connecting the two D-strings [16, 23, 26, 27].

Knowing the eigen-mode decomposition along the direction x, we can reduce the system by one dimension lower, by integrating over x, to obtain an effective action for the coefficient function T (t) in (4.2). This coefficient function is the tachyon field, because when the separation 2z_0 is small enough, the mass squared (4.3) becomes negative. Substituting the profile (4.2) back to the Yang-Mills action (2.1), we obtain S = 1 2 T_{D1}(2πl^2_s )^2 � dtdx � (∂_tT (t))^2 − m^2T^2 � exp � − 2 tan(θ/2)

2πl^2_s x^2 �

= 1 g_T � dt � 1 2 (∂_tT (t))^2 − 1 2 m^2T^2 � . (4.4)

This is the tachyon action in one dimension which we use in this section. The overall coefficient is related to the original parameters as

g_T = g_s √ θ 2 √ 2π^2l^3_s

. (4.5)

We may regard the action (4.4) as a quantum mechanics of a particle moving in a harmonic oscillator: in this interpretation, the value T is the position of a particle, and the overall factor 1/g_T is the mass of the particle.

When the tachyon acquires a vev, this immediately leads to the reconnection. The eigen-mode T enters in the off-diagonal entries of the matrix Φ as in (4.2) and thus,

– 16 – diagonalizing the matrix Higgs field Φ_2, we obtain the transverse displacement of the D-strings (for z = 0) as

2πl^2_s ϕ = ± � (tan(θ/2))^2x^2 + (πl^2_s )^2 exp � − tan(θ/2)

πl^2_s x^2 � T^2 . (4.6)

Therefore, the tachyon vev is related to the separation of the reconnected D-strings Δ (the closest points on the D-strings are given by x = 0) as

Δ = 2πl^2_s T . (4.7)

We assume that this relation holds also for z ≠ 0 in the following analysis of D-string collision.^9

4.2 Time evolution of tachyon wave function and reconnection condition

The tachyon mass squared m^2 is negative when the D-strings are close enough to each other, but otherwise, it is positive and gives a usual harmonic oscillator. Thus the collision of the angled D-strings provides time-dependent transitions between these two situations. To describe the collision of the angled D-strings, we turn on a small relative velocity v(> 0),

2z_0 = vt , (4.8)

as in (2.2). For very small velocity, the fluctuation analysis in the previous subsection is valid (v ≪ θ ≪ 1). The time when the tachyon mass squared becomes zero is

t = ±t_0 , t_0 = l_s √ 2πθ v . (4.9)

The one-dimensional action (4.4) is quite simple, a harmonic oscillator with a timedependent frequency. The frequency becomes imaginary for the period

−t_0 < t < t_0 (4.10)

during which the harmonic potential becomes upside down and there exists a tachyonic instability.

The physical picture of quantum evolution of the system is as follows.^{10} For large negative t, the system is with the harmonic potential and so the wave function T (t) is a gaussian function whose width is determined by the frequency changing slowly in time. Then at t = −t_0, the system drastically changes to an unbounded one and the wave function begins to spread out very quickly. However, when t = t_0, the potential comes back to the original harmonic form and the system recovers to be a bounded well-defined system. This means that the wave function rapidly spreads out with the unbounded potential only for

9For non-zero z0, the two Higgs fields Φ 2 and Φ 3 are not simultaneously diagonalizable and thus this geometrical interpretation is not rigorous.

10A quantum analysis of the reconnection was studied in [28].

– 17 –

(a) ψ(T, t), V (T )

T

(b) (c) Figure 12: Time evolution of the harmonic potential (thick lines) and the tachyon wave function (dashed lines). The small arrows denote their time evolution. (a) When the D-strings are far enough from each other (t < −t_0), the tachyon mass squared is still positive and the wave function is a gaussian. (b) For −t_0 < t < t_0, the potential becomes inverse-harmonic, and the wave function expands rapidly. (c) At t = t_0, the system gets back to the bounded harmonic potential. For large tachyon values the reconnection will occur. Thus the reconnection probability is evaluated by integrating the shaded region of the wave function.

the finite period, −t_0 < 0 < t_0. See figure 12. At the end of the unstable era, t = t_0, we have a well-spread wave function which allows a large value of T (t) and gives the reconnection. Then how can we know if the reconnection occurs or not? We introduce the following geometrical requirement for the tachyon field to be observed to give the reconnection. At the instant t = t_0, two D-strings will be separated (asymptotically) by vt_0 in the Φ_3 direction. Thus, as seen in figure 13, the reconnected distance Δ along Φ_2 should be larger than this vt_0 so that the reconnection provides energy reduction. The geometrical requirement for the reconnection to be observed at t = t_0 should be

vt_0 < Δ . (4.11)

This is translated to the condition for the tachyon field, using (4.7) and (4.9) as T > √ θ √ 2πl_s

. (4.12)

Therefore, to compute the reconnection probability for the colliding D-strings, first we compute the time evolution of the tachyon wave function, and at t = t_0 we evaluate the probability to have T satisfying the condition (4.12). We will perform this in the next subsection explicitly.

4.3 Reconnection probability

Let us consider the evolution of the tachyon wave function ψ(T, t). Since it is technically difficult to get the exact expression of this wave function for the time-dependent frequency,

– 18 –

Δ vt_0

t < −t_0 −t_0 < t < t_0 t = t_0

Figure 13: Three stages for the reconnection of the D-strings. Two D-strings are approaching (Left), and tachyon wave function spreads (Center). At last, the D-strings are reconnected (Right). The dashed lines indicate the case where D-strings were not reconnected. Essentially this figure is the same as figure 10, but just pushed sideways to show the reconnected region explicitly.

we adopt the following crude approximation for the time-dependence of the frequency:

m^2 =

(vt)^2 (2πl^2_s )^2

(t < −t_0) (4.13)

m^2 = −m^2_{second} ≡ −s θ 2πl^2_s

(−t_0 < t < t_0) (4.14)

In the first period, the mass squared is positive and proportional to t^2, where we neglected the first term in (4.3). This approximation is valid if t ≪ −t_0, but we are going to use this m^2 until t = −t_0. In the second tachyonic period, we approximate the mass squared by its typical tachyonic value, and s is an O(1) parameter. One may choose s = 2/3 which is the average tachyon mass squared in this second period. This approximation of the second period is especially useful since we can apply the results obtained in [29], where time evolution of a gaussian wave function in the tachyonic harmonic potential was calculated.

It is easy to show that the technique developed in [29] can be used also for non-constant mass squared such as the one in the first period (4.13). The wave function is of the form

ψ(T, t) = A(t) exp � −B(t)T^2 � . (4.15)

Solving the equation for B(t) in 1/t expansion in the first period (4.13), one obtains

B(t) = − v 4πl^2_s g_T t + i 4g_T 1 t + · · · . (4.16)

Thus at t = −t_0, the initial condition for the second period is given by

B(t = −t_0) = v 4πl^2_s g_T t_0 − i 4g_T 1 t_0

. (4.17)

In the second period, the evolution of the wave function was determined in [29]. The solution is

B(t^{GP}) = 1 2a^2 tan(ϕ − iωt^{GP}) (4.18)

– 19 – where ϕ is a parameter in the solution, and in correspondence to our language,

a^2 = g_T m_{second}

, ω = m_{second} . (4.19)

t^{GP} is the time in the convention of [29] whose zero t^{GP}_0 is different from that of our time as t^{GP} − t^{GP}_0 = t + t_0. We may derive this t^{GP}_0 by comparing (4.17) and (4.18) at t^{GP} = t^{GP}_0 . We obtain two equations

sin 2ϕ cos 2ϕ + cosh 2ωt^{GP}_0 = � θ s , sin 2ϕ sinh 2ωt^{GP}_0 = 2θ v . (4.20)

For small θ and v/θ, these can be solved to give

sin 2ϕ ≃ 2 � θ s , ωt^{GP}_0 ≃ � vθ s , (4.21)

which gives quite small t^{GP}_0 (≪ |t_0|), thus we may use a relation

t^{GP} ≃ t + t_0 . (4.22)

For large ωt, a simple expression for the wave function was given in [29],

|ψ|^2 = � 2 sin 2ϕ

a^2π exp � −ωt^{GP} − 2(sin 2ϕ)e^{−2ωt GP}

T^2 a^2 � . (4.23)

The wave function is still gaussian, due to which it is easy to finally evaluate the probability of having (4.12), T > √ θ/ √ 2πl_s at t = t_0: the reconnection probability is

P = 2

�_∞ √ θ/ √ 2πl_s

dT |ψ(T, t^{GP} = 2t_0)|^2 . (4.24)

This is basically an error function whose asymptotic form is �_∞ u ds e^{−s 2} = e^{−u 2} 2u + · · · , (4.25)

thus we obtain P ≃ √ g_s 2π^{3/4}θ^{3/4} e^{2√sθ/v} exp � − 4 √ πθ^{3/2} g_s e^{−4 √sθ/v} � . (4.26)

This is the probability of the reconnection to occur for colliding D-strings.

Surprisingly, the result is very close to that of [9], a string worldsheet calculation,

P = exp � 4 − v 2g_s � e^{−πθ/v} � . (4.27)

In fact, both have the “nonperturbative” factor in the exponent, −e^{−θ/v} /g_s. This is quite interesting since the derivation of these results are very different. The result (4.27) [9] has been derived by evaluating the probability of creation of pairs of strings and anti-strings at

– 20 – the moment of the collision of the D-strings, and looking at the force balance of the created string junctions. Our result (4.26) is based on the effective field theory on the D-strings and the tachyon condensation.

As noted in [9], when the string coupling g_s becomes small, the reconnection probability gets very small. Intuitively this is obvious in our derivation, since small g_s corresponds to a large 1/g, that is, a particle with a large mass in the quantum mechanics when T is identified with the position of the particle. Quantum evolution of a heavy particle is slow, and thus in our language correspondingly, the heaviness of the D-strings is reflected in the final form of the reconnection probability (4.26).

A slight discrepancy between (4.26) and (4.27) is found in the exponent, the coefficient of the nonperturbative factor is θ^{3/2} in our case while v in (4.27). This difference might originate in the following point: in [9] the reconnection condition is derived by a requirement that kinks generated by the creation of the F-strings between the D-strings cannot propagate faster than the speed of light. In our case, the lower-bound for the tachyon vev was given by the information of the geometrical shape of the reconnected D-strings. These might be related to each other in a more precise treatment of the quantum mechanics, since we have adopted a crude approximation (4.13), (4.14) for the time dependence of the potential which should have been dependent on the velocity v. Furthermore, we have assumed that the tachyon vev is related directly only to the horizontal separation Δ, which can be improved. Another missing factor 4 present in (4.27) might appear in our calculation if we take into account fermions in this system, since actually this 4 came into the calculation in [9] from worldsheet fermions.

5. Summary and Discussions

The intrinsic difference on collisions of the vortex strings in the abelian Higgs model and the D-strings in superstring theory is that the reconnection occurs classically for the former while for the latter it is merely a probabilistic event. This difference may be crucial for recognizing if cosmic strings in future observations/early universe scenarios are actually D-strings or not. In this paper we have clarified theoretically the origin of this difference, by studying the effective field theories on the vortex strings and on the D-strings. For the vortex strings, the theory is a sigma model whose target space is a smeared cone geometry, and a Polyakov string moving smoothly in this geometry describes the classical reconnection, showing its inevitability. On the other hand, the D-string action allows a classical solution of colliding D-strings passing without the reconnection, and we performed a quantum time evolution of the tachyon wave function to give the reconnection probability. The reconnection is in fact the tachyon condensation.

Then, why are the classical behaviors so different for these two strings? Intuitively, it seems that the reconnection should always occur for collision of any slowly moving strings, because the reconnection decreases the total energy which is given by the tension multiplied by the length of the strings. This should be a classical understanding of the reconnection, and looks to be consistent with the result for the vortex strings which always reconnect. Then why the D-strings do not reconnect classically? A possible answer to this question

– 21 –

2πl^2_s T

T

V (T )

T

V (T )

Figure 14: A schematic picture of the bond connecting the reconnected D-strings [23]. The upperleft figure shows strings reconnected hypothetically without the bond, while in the upper-right figure the bond is created in the actual reconnection of D-strings. If the bond was not created, the total energy of the D-strings would have exhibited a non-zero one-point function at the zero separation (lower-left). This is not the case, because we have a tachyonic fluctuation which can be defined only if the top of the potential is a smooth maximum (lower-right). The difference in potential between the two graphs is supplemented by the existence of the bond energy.

is found in [23] where the energy of the created “bond” connecting the reconnected Dstrings is evaluated.^{11} This “bond” whose presence was suggested in [28, 22] should be there so that the classical reconnection is prevented. The reconnection of D-strings is always accompanied by the creation of the bonds, and resultantly, the total energy does not decrease for infinitesimal reconnections [23]. See figure 14.

Concerning the difference between the vortex strings and the D-strings, the following question^{12} is worth answered: according to Sen’s conjecture, the D-strings are vortex-like topological defect in tachyon condensation on a brane-antibrane system. The action of the system is given by the tachyon field and gauge fields, and so it is almost the same as the abelian Higgs model. Thus any D-string can be regarded as a vortex string in this sense. Then, why can those be different?^{13} Our answer to this question is that actually the action of the brane-antibrane is not the abelian Higgs model, because there exists infinite number of massive fields whose mass scale is the same as that of the tachyon field. Only when one considers all the tower of the excitations simultaneously, Sen’s descent relation is properly realized: a D-string remains as a topological defect while the brane-antibrane

11The identity of the bond might be a bunch of fundamental strings, but classically the bond has no charge and thus is difficult to identify. But it should be something related to the tachyon matter [30] because the reconnection is the tachyon condensation [23].

12A related question was given in [31].

13Concerning this question, it would be interesting to pursue the connection proposed in [32].

– 22 – disappears. In fact, the disappearance of the brane-antibrane can be shown only if one employs string field theories. Extracting just the tachyon field and the gauge field does not provide the D-string correctly. This is the very difference between ordinary field theories such as the abelian Higgs model and the string field theories. In ordinary field theories, any condensation of a field does not modify the number of physical degrees of freedom, while in string field theories this occurs, which is the significance of Sen’s conjectures.^{14} In section 3, we have parametrized the Moduli space (2.5) by the coordinates (3.1) in which z specifies the location of the vortex strings. As mentioned in the footnote there, this z is merely the approximate location of the strings because the real part of the matrix Z and the imaginary part are not simultaneously diagonalizable for generic z. This is reflected in the D-term condition (2.5) as a non-commutativity: if we neglect the field ψ, the condition (2.5) is just the Heisenberg algebra and defines a non-commutative plane whose non-commutativity parameter is the FI parameter r. Thus the location of the vortex strings is ambiguous to the precision of O(r) in the z space, in terms of the vortex effective theory. It would be tempting to calculate the actual energy distribution of the vortex strings in the 3 dimensional space, given the string configuration defined by z in the vortex moduli space. This should be possible through the brane configuration and string theory, because intrinsically this map is the Seiberg-Witten map [34, 35], or in other words, Matrix theory multi-pole moments [36], which describes a coupling of noncommutative worldvolume configurations to bulk fields such as gravity. In [22, 23, 37] explicit map has been evaluated for various non-commutative configurations. To apply for our case of the vortex strings, we have to generalize the explicit Seiberg-Witten map [35] to the situation where the D-branes end on some other D-branes and hence additional fundamental fields are present.

Acknowledgments

K. H. appreciated valuable discussions with E. Copeland, T. Kimura, M. Nitta, H. Ooguri, H. Shimada and D. Tong. We would like to thank the Aspen Center for Physics for kind hospitality and providing rich environment for stimulating discussions. The research of A.H. was supported in part by the CTP and LNS of MIT and the U.S. Department of Energy under cooperative research agreement # DE–FC02–94ER40818, and by BSF American–Israeli Bi–National Science Foundation. A. H. is also indebted to a DOE OJI Award. The work of K. H. was partly supported by the Grant-in-Aid for Scientific Research (No. 12440060, 13135205, 15540256 and 15740143) from the Japan Ministry of Education, Science and Culture.

References

[1] T.W.B. Kibble, Cosmic strings reborn?, astro-ph/0410073.

14By rotating the anti-brane against the brane, the tachyon mass squared can reduce to nearly massless [16, 22, 33], but at the same time the massive fields comes down to massless, thus treating solely the tachyon field is validated only for small condensation of the tachyon.

– 23 –

[2] N. Jones, H. Stoica and S.H.H. Tye, Brane interaction as the origin of inflation, JHEP 07 (2002) 051 [hep-th/0203163];

S. Sarangi and S.H.H. Tye, Cosmic string production towards the end of brane inflation, Phys. Lett. B 536 (2002) 185 [hep-th/0204074];

N.T. Jones, H. Stoica and S.H.H. Tye, The production, spectrum and evolution of cosmic strings in brane inflation, Phys. Lett. B 563 (2003) 6 [hep-th/0303269]; G. Dvali and A. Vilenkin, Formation and evolution of cosmic D-strings, JCAP 03 (2004) 010 [hep-th/0312007];

N. Barnaby, A. Berndsen, J.M. Cline and H. Stoica, Overproduction of cosmic superstrings,

hep-th/0412095;

T. Matsuda, String production after angled brane inflation, Phys. Rev. D 70 (2004) 023502 [hep-ph/0403092].

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

[4] J. Polchinski, Cosmic superstrings revisited, AIP Conf. Proc. 743 (331) [hep-th/0410082];

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

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

[6] E.P.S. Shellard, Cosmic string interactions, Nucl. Phys. B 283 (1987) 624.

[7] R.A. Matzner, Interaction of U(1) cosmic strings: numerical intercommutation, Computers in Physics , (S) ep/Oct 1988.

[8] K.J. M. Moriarty, E. Myers and C. Rebbi, Dynamical interactions of cosmic strings, J.Comput.Phys. 1990 (467) .

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

hep-th/0405229.

[10] T. Damour and A. Vilenkin, Gravitational radiation from cosmic (super)strings: bursts, stochastic background and observational windows, Phys. Rev. D 71 (2005) 063510 [hep-th/0410222];

M. Sakellariadou, A note on the evolution of cosmic string/superstring networks, JCAP 04 (2005) 003 [hep-th/0410234];

A. Avgoustidis and E.P.S. Shellard, Cosmic string evolution in higher dimensions,

hep-ph/0410349.

[11] H. Hata, K. Itoh, T. Kugo, H. Kunitomo and K. Ogawa, Manifestly covariant field theory of interacting string, Phys. Lett. B 172 (1986) 186; Covariant string field theory, Phys. Rev. D 34 (1986) 2360.

[12] A. Hanany and D. Tong, Vortices, instantons and branes, JHEP 07 (2003) 037 [hep-th/0306150];

A. Hanany and D. Tong, Vortex strings and four-dimensional gauge dynamics, JHEP 04 (2004) 066 [hep-th/0403158].

[13] E. Copeland and N. Turok, Cosmic string interactions, FERMILAB-Pub-86/127-A, Fermilab & Imperial Coll., London 1986.

[14] M. Berkooz, M.R. Douglas and R.G. Leigh, Branes intersecting at angles, Nucl. Phys. B 480 (1996) 265 [hep-th/9606139];

J. Polchinski, String theory II, Cambridge University Press, Cambridge 1998.

– 24 –

[15] A. Hashimoto and I.W. Taylor, Fluctuation spectra of tilted and intersecting D-branes from the Born-Infeld action, Nucl. Phys. B 503 (1997) 193 [hep-th/9703217].

[16] K. Hashimoto and S. Nagaoka, Recombination of intersecting D-branes by local Tachyon condensation, JHEP 06 (2003) 034 [hep-th/0303204].

[17] A. Hanany and E. Witten, Type IIB superstrings, BPS monopoles and three-dimensional gauge dynamics, Nucl. Phys. B 492 (1997) 152 [hep-th/9611230].

[18] C.-j. Kim, K.-M. Lee and S.-H. Yi, Tales of D0 on D6 branes: matrix mechanics of identical particles, Phys. Lett. B 543 (2002) 107 [hep-th/0204109].

[19] A. Vilenkin and E.P. S. Shellard, Cosmic strings and other topological defects, Cambridge Monographs on Mathematical Physics, Cambridge 1994.

[20] P.J. Ruback, Vortex string motion in the abelian Higgs model, Nucl. Phys. B 296 (1988) 669. [21] U. Ben-Ya’acov, Mechanism of quantum vortices’ intercommutation, Phys. Rev. D 52 (1995) 1065.

[22] K. Hashimoto and W. Taylor, Strings between branes, JHEP 10 (2003) 040 [hep-th/0307297];

[23] K. Hashimoto, The shape of non-abelian D-branes, JHEP 04 (2004) 004 [hep-th/0401043]. [24] S. Nagaoka, Higher dimensional recombination of intersecting D-branes, JHEP 02 (2004) 063 [hep-th/0312010].

[25] A.V. Morosov, Classical decay of a non-supersymmetric configuration of two D-branes, Phys.

Lett. B 433 (1998) 291 [hep-th/9803110].

[26] S. Nagaoka, Fluctuation analysis of non-abelian Born-Infeld action in the background intersecting D-branes, Prog. Theor. Phys. 110 (2004) 1219 [hep-th/0307232].

[27] F.T.J. Epple and D. Lüst, Tachyon condensation for intersecting branes at small and large angles, Fortschr. Phys. 52 (2004) 367 [hep-th/0311182].

[28] T. Sato, D-brane dynamics and creations of open and closed strings after recommbination, Nucl. Phys. B 682 (2004) 117a revised version of [hep-th/0304237].

[29] A.H. Guth and S.P. Pi, Quantum mechanics of the scalar fields in the new inflationary Universe, Phys. Rev. D 32 (1985) 1899 [30] A. Sen, Tachyon matter, JHEP 07 (2002) 065 [hep-th/0203265]. [31] J. Distler and J. Polchinski, Strings2004: a day late and a dollar short, Musings,

http://golem.ph.utexas.edu/∼distler/blog/archives/000392.html.

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

[33] A. Lawrence and J. McGreevy, D-terms and D-strings in open string models, JHEP 10 (2004) 056 [hep-th/0409284].

[34] N. Seiberg and E. Witten, String theory and noncommutative geometry, JHEP 09 (1999) 032 [hep-th/9908142].

– 25 –

[35] Y. Okawa and H. Ooguri, How noncommutative gauge theories couple to gravity, Nucl. Phys.

B 599 (2001) 55 [hep-th/0012218]; Energy-momentum tensors in matrix theory and in noncommutative gauge theories, hep-th/0103124; An exact solution to Seiberg-Witten equation of noncommutative gauge theory, Phys. Rev. D 64 (2001) 046009 [hep-th/0104036]; S. Mukhi and N.V. Suryanarayana, Gauge-invariant couplings of noncommutative branes to Ramond-Ramond backgrounds, JHEP 05 (2001) 023 [hep-th/0104045]; H. Liu and J. Michelson, Ramond-Ramond couplings of noncommutative D-branes, Phys. Lett. B 518 (2001) 143 [hep-th/0104139].

[36] I.W. Taylor and M. Van Raamsdonk, Multiple Dp-branes in weak background fields, Nucl.

Phys. B 573 (2000) 703 [hep-th/9910052]; Multiple D0-branes in weakly curved backgrounds, Nucl. Phys. B 558 (1999) 63 [hep-th/9904095].

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

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

– 26 –