Published by Institute of Physics Publishing for SISSA Received: April 10, 2005 Accepted: April 22, 2005 Published: May 6, 2005

Brane necklaces and brane coils

Tomohiro Matsuda

Laboratory of Physics, Saitama Institute of Technology Fusaiji, Okabe-machi, Saitama 369-0293, Japan E-mail: matsuda@sit.ac.jp

Abstract: We investigate the evolution of the networks of the cosmic strings in angled brane inflation. We show how they can be distinguished from the conventional ones. The cosmic strings in angled inflation are the daughter D_{p−2} branes that are extended between the mother D_p branes. In the effective action, the strings should have a moduli, since the endpoints of the D_{p−2} branes can move freely on the D_p branes. Then naturally the position of the D_{p−2} branes, which corresponds to the moduli of the (1 + 1)-dimensional effective action, can vary along the cosmic strings. The variation of the moduli results in the peculiar (1 + 1)-dimensional kink configurations. The kinks are the monopoles on the strings. Therefore, the cosmic strings in angled inflation become necklaces. The loops of the necklaces can shrink to produce stable winding states, which look like coils. We show why the cosmological implications of the brane necklaces are important. We point out that the cosmic strings in generic models of brane inflation should become necklaces, depending on the structure of the compactified space and the effective potential of the model.

Keywords: Solitons Monopoles and Instantons, Spontaneous Symmetry Breaking, D-branes, Cosmology of Theories beyond the SM.

©SISSA 2005 http://jhep.sissa.it/archive/papers/jhep052005015.pdf /jhep052005015.pdf

Contents

1. Introduction 1

2. Brane necklaces 6 2.1 String production after angled brane inflation 8 2.2 Stability and decay of brane necklaces 10

3. Conclusions and discussions 15

1. Introduction

Models with more than four dimensions are interesting, because all the physical ingredients of the Universe can be unified in a higher dimensional theory. String theory is the most promising scenario where quantum gravity is included by the requirement of additional dimensions and supersymmetry. The idea of large extra dimension [1] is important, because it may solve the hierarchy problem. In this case, the observed Planck mass is obtained by the relation M^2_p = M^{n+2}_∗ V_n, where M_∗ and V_n denote the fundamental scale of gravity and the volume of the n-dimensional compact space, respectively. In the scenarios of large extra dimension, the fields in the standard model are expected to be localized on wall-like structures (“our branes”), while the graviton propagates in the bulk. In the context of string theory, a natural embedding of this picture is realized by brane construction. The brane models are interesting from both phenomenological and cosmological viewpoints.

Analyses of cosmological defect formation are important in brane models.^1 For the cosmological scenarios, one can consider at least three different types of defects: 7

• Defects are branes.

In this case, cosmological defects are the branes that have less than three spatial dimensions in the uncompactified space-time. In the previous discussions [11], in which the dynamical effect of “our brane” has been neglected, it was concluded that the cosmological production of monopoles and domain walls are negligible in the models of brane inflation. Later in ref. [9] and [10], however, it was shown that cosmological formation of such monopoles and domain walls are quite natural in generic cosmological scenarios.

1Inflation in models of low fundamental scale are interesting [2 – 4]. Scenarios of baryogenesis in such models are discussed in ref. [5 – 7], where defects play important roles. Brane defects such as monopoles, strings, domain walls and Q-balls [8, 9] are important because we are expecting that future cosmological observation will reveal the cosmological evolution of the Universe, which will also reveal the physics beyond the standard model. If one wants to know what kinds of brane defect are produced in the early Universe, one needs to understand how they are formed.

– 1 –

• Defects are deformed branes.

In this case, the cosmological defects are formed by the continuous deformation of branes. First in ref. [12], and later in ref. [9, 13], it was shown that the fields that parameterize the position of branes can fluctuate in spatial directions to form cosmological brane defects. Cosmic strings are constructed in ref. [12], where the singularity in the core is resolved by smearing the wall-like structure. Monopoles, strings and domain walls are constructed in [9, 13].^2

• Localized fields are shifted in the cosmological defects.

In ref. [15], localization of matter fields on a fat domain wall is discussed to explain small interactions in the effective four-dimensional action. This idea is important in constructing realistic models in which proton must be stabilized. Along the line of this argument, new defect configurations are constructed in ref. [6], which induce shifts of the localization. Due to the shifts of the localization, small interactions can be enhanced in the core of these defects. Therefore, these defects can assist the generation of baryon number asymmetry of the Universe [6, 7].

First, we shall review the essence of the “previous arguments” [11], which were used to exclude the cosmological production of monopoles and domain walls. In the original scenario of brane inflation [16], inflationary expansion is driven by the potential between D-brane and anti D-brane evolving in the bulk. Then the scenario of the inflating branes at a fixed angle is studied in ref. [17], where the slow-roll condition is improved by introducing a small angle. The end of brane inflation is induced by the brane collision where brane annihilation (or recombination) proceeds through tachyon condensation [18]. During brane inflation, tachyon is trapped in the false vacuum, which can result in the formation of lowerdimensional branes after brane inflation. The production of cosmological brane defects was discussed in ref. [11], where it was concluded that cosmic strings are copiously produced in these scenarios, while monopoles and domain walls are negligible. To be precise, their arguments are based on the speculation that any variation of fields in the compactified direction must be suppressed during inflation since the compactification radius must be small compared to the horizon size during inflation. Then they have concluded that the daughter branes, which are formed by tachyon condensation on the world volume of the mother branes, must wrap the same compactified space as the mother branes. In this case the effect of compactification seems significant. As a result, it was concluded that the codimension of the daughter branes must lie within the uncompactified space. Since the number of the codimension must be even in this case, the cosmological defects must be cosmic strings. Moreover, later in ref. [19], it was discussed that the analysis does not fully account for the effects of compactification, because the directions transverse to the mother branes had not been considered. The effect of the RR fields extended to the compactified dimensions was discussed in ref. [19]. Then it was concluded that the creation of the gradients of the RR fields in the bulk of the compactified space is costly in energy, so

2It is possible to construct branes as defects in higher dimensional gauge theories. Interesting applications of this idea are discussed in ref. [14].

– 2 – that there should be a serious suppression in the creation of the daughter D brane as far as they do not fill all the compactified dimensions. As a result, in the “previous arguments”, cosmological brane defects were discussed to suffer from many unnatural constraints.

However, here we should recall that no such suppression has been discussed so far in the cosmological production of the conventional defects in four-dimensional effective gauge theory, while the realistic brane models must reproduce the standard model in its effective action. Therefore, it is quite natural to think about the following questions. Is it really impossible to produce branes that do not wrap the same compactified space as the mother branes? Is it really impossible to produce monopoles and domain walls in brane inflation? Here we should note that the “previous arguments” are not fully reliable in more realistic cases. The most obvious example was first discussed in ref. [20],^3 where the inconsistency of the string tension is solved in angled inflation. In the original argument in ref. [11], the tension of the string did not coincide with the one calculated from the effective action. This inconsistency is clearly due to the assumption that the daughter brane must wrap the same compactified space as the mother brane. In fact the previous arguments might be true in some simplest cases, however we must be more careful about the process of the brane recombination. In ref. [9, 20], it was shown that the production of the cosmic strings in angled inflation is realized by the creation of the daughter branes that are extended between the splitting mother branes. It should be noted that the creation of such extended branes is not a counter example to the generic mechanism of tachyon condensation. To be precise, one can understand from a careful treatment of the effective action [21] that the eigenfunction of the tachyonic mode should be localized at the intersection. Since the mechanism of this localization is different from the Kibble mechanism, this argument does not contradict to the “previous arguments”. Therefore, the “seed” must be localized at the intersection. As the recombination proceeds, the D_{p−2} brane at the intersection is pulled out of the mother D_p branes, and finally becomes extended between mother branes. In this case the serious problem of the RR field is also avoided, since the length of the extended daughter brane vanishes when it is created at the intersection. It costs energy to pull D_{p−2} branes out of the D_p branes, however the cost is paid by the repulsive force between the splitting D_p branes. Of course the tension of such extended daughter branes matches precisely to the D-term strings in the effective action. Moreover, this conclusion is consistent with the analysis of the string production in the effective action, where the production of the D-term strings is not suppressed. Of course, it seems obvious from the string perspective that the brane creation is due to the local dynamics of the open strings at the intersection of the splitting D_p branes, which suggests the obvious localization of the eigenfunction. The daughter branes satisfies the required properties. Thus at least in the models of angled inflation, it is obvious that the cosmic strings in the effective action do not wrap the same compactified space as the mother branes.

From the above discussions, it is natural to think that the previous arguments are not reliable and should be compensated in more generic cosmological scenarios. Obviously,

3See also ref. [9].

– 3 –

Figure 1: There is a direction in the compactified space along which the branes(=strings) can move. The flat direction is denoted by ϕ.

there is no reason that we must believe that in their final state the daughter branes must wrap the same compactified space as the mother branes. Since the previous argument cannot fully account for the generic process of the cosmological defect formation, one can hardly accept their conclusions. Is it really impossible to produce sufficient amount of cosmic monopoles and domain walls by the brane creation? This question is answered in ref. [9, 20], paying careful attention to the brane dynamics after inflation, especially to the dynamics of “our brane”. For the extended branes to be produced between mother branes, the distance between mother branes is required to be zero at a moment. This idea is generic and applicable to other conventional cosmological processes. The spontaneous symmetry breaking in the effective action is sometimes described by the recombination of the branes [22] or by the branes falling apart, which can be induced by the thermal effects [23]. As a result, contrary to the previous speculation, it was shown [9] that there is no reason that one should believe that monopoles and domain walls [24] are suppressed in the brane Universe, once the dynamics of “our brane” is included.

Besides the cosmological defects that are formed by the brane creation, one can consider the defects that are formed by the continuous deformation of the branes. The two kinds of the brane defects can be produced by the same process [9, 13]. Therefore, the actual cosmological defects should be the mixture of these defects. It should be noted that the analyses of such mixed defects are quite important in understanding the evolution of the brane Universe.

From the above viewpoints, we shall reconsider the evolution of the cosmic strings in angled inflation. In this paper, we show that the strings in angled inflation can be distinguished from the conventional cosmic strings. In angled inflation, cosmic strings are the daughter D_{p−2} branes that are extended between mother D_p branes. The D_{p−2} branes have the flat direction (moduli) in the compactified space, along which the endpoints of the D_{p−2} branes can move freely on the D_p branes.^4 Then the position of the D_{p−2} branes can vary along the cosmic strings, which results in the peculiar type of (1 + 1)-dimensional kink configurations. One can also find the peculiar winding states that are defined on

4See figure 1.

– 4 –

Figure 2: Strings in angled inflation could have many domains. The domains are interpolated by the kinks on the strings. Since the kinks are the monopoles skewered with the strings, the strings become brane necklaces.

Figure 3: A chopped loop of the brane necklace can shrink. However, it cannot shrink to a point if the loop winds around compactified space.

the world volume of the strings. A schematic picture of the kinks is shown in figure 2. The point-like objects that appear on strings are monopoles. Since the monopoles are skewered with the strings, the cosmic strings in angled inflation become necklaces. These kinks are produced by the spatial deformation of the D_{p−2} branes. Therefore, the brane necklaces are the hybrid of the brane creation and the brane deformation. The chopped loops of the necklaces can shrink to produce the stable winding states, which looks like coils. A schematic picture of the brane coils is shown in figure 3. It should be noted here that the brane coils wind around the compactified space that is different from the mother branes. Of course the mechanism that induces such windings is different from the

– 5 –

Kibble mechanism. Therefore, our mechanism avoids the serious constraints that have been discussed previously in ref. [11].

2. Brane necklaces

In the early Universe there could be a pair of brane anti-brane separated in the compactified space. The potential energy of these branes can drive brane inflation, then they annihilate rapidly at the end. If this process contains only a pair of D_pD_p branes, it might be true that only cosmic strings are produced after inflation.^5 In this case, the cosmic strings are the daughter branes that wrap the same compactified space as the mother branes. At first the strings could move freely in the compactified space, but later their position should be fixed as was discussed in ref. [25, 26]. Then, if one assumes that other branes (including “our branes”) are decoupled, these strings cannot break nor dissolve into other branes. In this case, since other branes are completely decoupled from the cosmic strings, the interactions of the cosmic strings must be quite simplified. The cosmological consequence of this scenario is already investigated in ref. [25, 26].

On the other hand, in generic cases it seems rather difficult to obtain enough number of “decoupled” cosmic strings while reheating the Universe to an acceptable temperature. If the moving brane of the brane inflation collides to the stack of the Standard Model (SM) branes, reheating should be successful. However, in this case one cannot ignore the interaction between the daughter branes and the other branes at the stack. Since the cosmic strings are the lower-dimensional branes that could break or dissolve into other branes, in generic cases one cannot simply ignore the interaction between other branes. Therefore, it is important to investigate cosmic strings that intersect with other branes.

From the above viewpoints, we shall try to understand the evolution of the cosmic strings in angled inflation to show how one can distinguish the cosmic strings in angled inflation from the conventional ones. As we have discussed in the previous section, angled inflation is the most obvious generalization of the simplest brane inflation, where the slow-roll condition is improved and the cosmic strings intersect with “our branes”. If the potential that lifts the flat direction of the cosmic strings is shallow, the Brownian motion in the compactified space must be important. The Brownian motion in the direction that is perpendicular to the daughter brane can be induced by the brane collision [27]. Even if the potential is not shallow due to the stringy effects, it seems natural to expect that the internal position of the cosmic strings can vary because of the energetic process of the brane collision. In any case, it seems too optimistic to expect that the potential is so steep that one can avoid the generation of the kinks on the strings. Moreover, if the angle is small(θ ≪ 1) and the final state of the recombined mother brane wraps about θ^{−1} times around the compactified space,^6 the potential should have many local minima. These minima appear as the “domains” on the strings. To be precise, strings can have several distinctive regions(domains) where the branes are located at different sites in the

5Recently, it was shown by numerical simulations that many kinds of branes may appear in the intermediate state, which may annihilate to produce stable monopoles and domain walls in their final state [10].

6See figure 4.

– 6 –

Figure 4: Upper row: schematic recombination of two D_p-branes with (π−θ) ≪ 1. The dashed line on the D_p-brane represents the D_{p−2} -brane that might appear on the worldvolume of the D_p-brane when the tachyon condenses. As the recombination proceeds, the D_{p−2} brane is pulled out from the mother brane, and finally becomes extended between the mother brane. Second row: schematic recombination of two D_p-branes with θ ≪ 1. In both cases the daughter D_{p−2} brane does not wrap the same compactified space as the mother brane.

compactified space.^7 Then kinks (i.e. (1+1)-dimensional domain walls) will appear on the strings, which interpolates between neighboring domains on the strings. These kinks may have interesting consequences.^8 Moreover, it is interesting to think about the configuration where the internal position of the cosmic string is changed so that it finally wraps around a non-trivial circle of the compactified space. Then a peculiar type of topological number can be defined on the strings, which can stabilize the chopped loops.^9 The winding states of the strings look like coils. Even though the brane coils are stabilized by their windings, they can be annihilated with another coils that have the opposite windings.^{10} The cosmological evolution of the conventional necklaces is already investigated in ref. [28].^{11} Therefore, it is quite interesting to investigate the brane necklaces so that we can find the crucial difference from the conventional necklaces. Because of their peculiarity, the brane necklaces can be used to distinguish the brane Universe from the conventional one. Of course the above speculation seems rather naive, therefore we shall discuss this issue in more detail.

7See figure 2.

8Here we should note that the “kinks” on the strings are different from the “kinks and cusps” that are sometimes used in the discussion about the decay of the conventional cosmic strings.

9See figure 3.

10As is already discussed in ref. [12, 13], branes might be delocalized (smeared) in the core of a defect. If such delocalization is energetically favored, the loops around compactified space could be unwinded. In our model, however, it is obvious that the process is corresponding to the instanton-like phase transition, which is suppressed by the significant exponential factor.

11BPS necklaces in SQCD are discussed in ref. [14, 29].

– 7 –

2.1 String production after angled brane inflation

To make our discussions simple and convincing, here we consider angled brane inflation with a small angle(θ ≪ 1). In this case, the eigenfunction of the tachyonic mode should be localized at the intersection. It should be noted that this mechanism of the localization is different from the conventional Kibble mechanism, which suggests that our result does not contradict to the previous arguments. Moreover, comparing the effective tension of the daughter branes with the one obtained in the effective action, one can easily confirm that the cosmic strings in angled inflation must be extended between mother branes.^{12} If the daughter branes are extended between the mother branes as is shown in figure 1, it is easy to see that the daughter branes can move freely along the mother branes. The flat direction that corresponds to the free motion in the compactified space is depicted in figure 1. Of course, we know that the flat direction is supposed to be lifted by the potential that is due to the conventional supersymmetry breaking, which induces the mass of O(m_{3/2}). On the other hand, since we are considering small angle θ ≪ 1, the flat direction ϕ is periodic and winds about ∼ θ^{−1} times around the compactified space. Therefore, the number of (local or global) minima should be as large as θ^{−1} ≫ 1. If the potential that lifts the flat direction is shallow, the brane strings can initially move freely along the flat direction. Even if the potential is not so shallow due to the stringy effects, one can naturally expect that the collision is so energetic that the daughter branes can stay at any minima. Branes located at different sites in the compactified space cannot intersect with each other [25, 26], because their separation in the compactified space is larger than the string scale.

Let us consider the (1 + 1) dimensional world on the strings. The (1 + 1) dimensional world on the strings will have many domains of the number of ∼ θ^{−1} , which correspond to the degenerated or quasi-degenerated vacua on the flat direction. Then the domain walls will appear on the strings, which interpolate between the two neighboring domains.^{13} The width of the domain walls is determined by the shape of the effective potential V (ϕ), which becomes δ_m ∼ m^{−1}_{3/2} if the potential is induced by the conventional mechanism of supersymmetry breaking, or can become as thin as δ_m ∼ M^{−1}_∗ if the potential is lifted by the stringy dynamics.

• In the former case, the height of the effective potential is V_0 ≃ m_{3/2}Δϕ, where Δϕ ≃ R_E M^2_∗ denotes the typical distance between the neighboring vacua. From the dimensional argument one can easily understand that the mass of the monopoles is m ∼ Δϕ.^{14}

12See figure 4. 13See figure 2.

14It should be noted that the effective action of the (1 + 1) dimensional world of the strings must have non-zero cosmological constant due to the tension of the string in the background. Therefore, the precise formula of the effective potential should contain the effective cosmological constant, which may or may not dominate the vacuum energy. Since the cosmological constant in this case is nothing but the tension of the strings, one can easily understand that kinks are point-like objects that are “skewered” with the strings. On the other hand, if one considers point-like objects to which two strings are “attached”, the definition of the mass should be obscured because of the contribution from the string tension. In this paper, we shall consider the former (skewered) picture for fat monopoles. See also figure 5.

– 8 –

Figure 5: A fat monopole is skewered with a string.

Figure 6: A D_{p−2} brane is expanded in the (p-2)-dimensional compactified space. The boundary of the D_{p−2} brane is D_p and D_{p−2} branes.

• From the brane perspective the kinks are corresponding to the D_{p−2} branes that are extended along the internal direction.^{15} The kinks are nothing but the monopoles, which correspond to the D_{p−2} branes that are extended in the (p − 2)-dimensional compactified space. Then one can easily calculate the effective mass of this brane configuration, which becomes m ∼ M^3_∗ R^2_E θ.

15See figure 6.

– 9 –

As we have discussed above, there are two different contributions to the mass of the monopoles. When one considers the SQCD-MQCD correspondence, one should think that the potential in the effective action must properly represent the brane dynamics. Of course, in such cases the two must agree [29]. On the other hand, if the effective potential that lifts the flat direction is due to the undefined mechanism of supersymmetry breaking, the results cannot agree. Therefore, in our case the mass of the monopoles becomes m ∼ Δϕ in the limit θ → 0, while the mass is dominated by the brane tension if 1 ≫ θ > (M_∗R_E)^{−1} . In this paper we shall consider these two different limits without specifying the origin of the effective potential.

2.2 Stability and decay of brane necklaces

Let us consider the evolution of the network of the brane necklaces. The strings at different domains cannot reconnect because they are placed at a distance in the compactified space. Therefore, in the length scale that is much larger than the distance between the monopoles, the reconnection probability of the necklaces is suppressed by the number of the minima:

p ≃ θ . (2.1)

The evolution of such strings is already discussed in ref. [26]. According to ref. [26], one can easily understand that the cosmic strings in θ ≪ 1 angled inflation are quite important in the observation of the gravitational wave signals. However, here we must be cautious because the evolution of the network of the necklaces can be different from the conventional p ≪ 1 strings. Therefore, we should first examine the effect of the monopoles that might or might not affect the evolution of the network of the p ≪ 1 strings. Of course, it is apparent that the details must be investigated using numerical simulations, however here we can modestly assume that one can use the conventional analyses as far as the parameter space of the model is within the range of ref. [26, 28].

To make our arguments clear, we use the same notations as in ref. [26, 28]. In ref. [28], it was assumed that the monopoles are formed before the strings are produced at the second phase transition. In our case, however, the monopoles are formed after the strings are formed. Since the succeeding evolution of the necklaces is irrelevant to how they are formed, the analysis in ref. [28] is applicable in our case. The sequence of the phase transition is only relevant to their initial condition. For example, if monopoles are produced long after strings are produced, their initial average separation d will be large compared to the original analysis of the conventional necklaces.

• If the potential is lifted by the conventional mechanism of supersymmetry breaking, the temperature T_m when monopoles are formed can be estimated as T_m ∼ (m_{3/2}M_p)^{1/2}. In this case, the width of the monopoles δ_m is as large as δ_m ∼ m^{−1}_{3/2}. Therefore, their initial average separation d is inevitability as large as the horizon size.

• As we have stated above, one can consider steep potential that could be induced by the stringy effects. In this case, monopoles should be produced at the same time

– 10 – when strings are produced, which suggests that the initial average separation between monopoles can range from the minimal distance d ∼ M^{−1}_∗ [10] to the horizon size.

Here we introduce an important quantity for the evolution of the necklaces, which is the dimensionless ratio r = m/(μd). Here μ and d denote the tension of the strings and the separation between the monopoles, respectively. In general, the initial value of r can be large or small, depending on the nature of the two phase transitions. As we have discussed above, we are considering two different limits.

• When monopoles are thin and are dominated by the brane dynamics, the mass of the monopoles is m ≃ M^3_∗ R^2_E θ. In this case we can assume d > M^{−1}_∗ , which results in the initial value of the ratio r_{ini} < M_∗R_E .

• On the other hand, if the potential is almost flat and is lifted by the conventional mechanism of supersymmetry breaking, the mass of the monopoles becomes m ≃ Δϕ. In this case, since the width of the monopoles is as large as m^{−1}_{3/2}, we must assume d > m^{−1}_{3/2}. Therefore, the initial value of the ratio is r_{ini} < m_{3/2}/(M_∗θ).

In both cases we can put a modest assumption that r_{ini} < 1. Following the arguments in ref. [28], we can obtain the following equation for r(t): ṙ r = − κ_s t + κ_g t , (2.2)

where the first term on the right hand side describes the string stretching due to expansion of the Universe, while the second term describes the competing effect of string shrinking due to gravitational radiation. In this regime, one can find that if r is initially small it will grow at least until r ∼ 1. As r grows, monopole anti-monopole (or coil anti-coil) annihilation should become important and the growth of r will terminate.

• If the potential is steep and the mass of the monopoles is given by m ≃ M^3_∗ R^2_E θ, the width of the strings δ_s should be comparable to the width of the monopoles δ_m. Therefore, in this case one can assume that δ_s ∼ δ_m ∼ M^{−1}_∗ , which leads to the result r_{max} ≃ R_EM_∗. This result suggests that as far as R_EM_∗ < 10^6 the parameter space of our model is within the range of the original argument in ref. [28]. If r ≫ 1, the loop self-intersections should be frequent and their fragmentation into smaller loops is very efficient. Therefore, a loop of size l typically disintegrates on a time scale

τ_{r≫1} ∼ l √ r , (2.3)

which modifies the conventional analysis of the p ≪ 1 strings.

• If the potential is almost flat and the mass of the monopoles is given by m ≃ Δϕ, the maximum value of the ratio becomes r_{max} ≃ m_{3/2}/(M_∗θ)^{−1} ≪ 1, which suggests that the monopoles are negligible. In this case, the standard evolution of the string network is applicable.

– 11 –

Let us recall the main quantities that are used in the standard analysis of the evolution of a string network. The long string network is characterized by the parameters ξ(t), L(t), and l_{wiggles}(t). Here ξ(t) is the coherence length, which is defined as the distance beyond which the directions along the string are uncorrelated. L(t) is the average distance between the strings, and l_{wiggles}(t) is the characteristic wavelength of the smallest wiggles that appear on long strings. The length l(t) of the chopped-off loops are characterized by the parameter α, l(t) = αt , (2.4)

where the standard value of α is determined by the gravitational radiation losses from loops, which is given by α^{st} ∼ ΓGμ , (2.5)

where Γ is a numeriacl coefficiend of O(10). If the gravitational radiation from counterstreaming wiggles on long strings is much less efficient in damping the wiggles than ordinarily thought, α should be much smaller than α^{st} [30]. In our case, if the ratio r is small, the equation of motion is not different from the original argument, which means that we can examine the evolution of the network just using the results obtained in ref. [26]. In the macroscopic scale where the reconnection probability is small, one can estimate the above parameters as L(t) ∼ p^{1/2}t and ξ(t) ∼ t. A significant fraction of the total string length within Hubble volume should go into loops each Hubble time, whose number density is

n(t) ∼ 1 pΓGμt^3

, (2.6)

which is precisely the same as the original result.

However, what we should show in this paper is the difference from the standard results, which can be used to distinguish the brane necklaces from the conventional defects. In the original argument in ref. [26], the reconnection probability of the strings is p ≪ 1 at any time during the evolution of the network. However, in our case the small reconnection probability is due to the fact that the strings in different vacua cannot reconnect. Therefore, in the macroscopic scale which is much larger than the distance d, the brane necklaces look precisely the same as the original p ≪ 1 strings, while in the microscopic scale they look quite different. For example, if the wavelength of the wiggles l_{wiggles} is much smaller than d, the production of the small loops is efficient and at least in the local region the brane necklaces look like conventional p ∼ 1 strings. On the other hand, if the wavelength of the wiggles l_{wiggles} is much larger than d, one can easily understand that the evolution of the brane necklaces is quite similar to the p ≪ 1 strings. Therefore, in the case of r ≪ 1, we can conclude that the evolution of the brane necklaces is precisely the same as the conventional p ≪ 1 strings as far as

l_{wiggles}(t) ≫ d(t) (2.7)

is satisfied. The above relation (2.7) puts a cut-off time for the original analysis of the p ≪ 1 strings, which is not important for the GW burst analysis at the present cosmic time. The numerical simulations of this kind are difficult, because of the two hierarchically different

– 12 – scales. However, what is important for the observation of the GW emitted from strings is the behaviour at the macroscopic scale. Therefore, it must be important to note that at later period the behaviour of the brane necklaces is quite the same as the conventional p ≪ 1 strings, which is already discussed in ref. [26]. Thus we can conclude that the brane necklaces can have significant impact on the observation of the gravitational wave. Please be sure that in our model the small reconnection probability is due to the small angle.

Our next example is the peculiar case of r ≫ 1. In this case, the characteristic length scale of the network will be modified [28] as:

ξ(t) ∼ (r + 1)^{−1/2} t . (2.8)

The string length per unit volume is ∼ p^{−1} ξ^{−2} . The number of loops formed per Hubble volume per Hubble time is therefore [26]

N_l ∼ r pα . (2.9)

The loop self-intersections should be frequent and their fragmentation into smaller loops is very efficient, which suggests that the lifetime of a loop of size l is τ_{r≫1} ∼ lr^{−1/2} [28]. In this case, it is easy to see that the loops produced by the necklaces of r ≫ 1 are short-lived and the calculation of the loop density is similar to the cases of small α. The corresponding loop density is therefore

n(t) ∼ r^{1/2} pt^3

. (2.10)

Here we have assumed that the wiggles are small compared to the typical scale of the network, so that l_{wiggles} < ξ. The results obtained here suggests that the analysis of the GW signals emitted by the network of the cosmic necklaces are similar to the original argument [26]. The difference that we have found is the suppression factor ΓGμr^{1/2} in their loop density.

Therefore, we may conclude that there is no qualitative difference between the brane necklaces and the conventional strings(or necklaces) as far as the observation of the gravitational wave signals is concerned. However, as we have discussed above, chopped loops of the brane necklaces can be stabilized due to their non-zero windings around compactified space. The stable relics of such loops are superheavy, which must satisfy the cosmological bound of the conventional cold dark matter. Therefore, in order to find qualitative differences, it is quite important to calculate the relic density of the brane coils.

To calculate the relic density of the stable relics, it is convenient to introduce the relative abundance Y_s = n(t)/s(t), where s(t) is the entropy density. In our case, small loops are produced through multiple self-interactions of larger loops, whose sizes are determined by the wavelength of the wiggles l_{wiggles} ∼ αt. The conventional analysis of p ≪ 1 string network is reliable as far as l_{wiggles} ≫ d.

• Let us first consider the case where the effective potential V (ϕ) is due to the stringy dynamics. In this case, monopoles are produced by the phase transition just after

– 13 – angled inflation. The number of the loops formed per Hubble volume per Hubble time is already given in ref. [26]. For r < 1, it becomes

N_l ∼ 1 (pα)

, (2.11)

which cooresponds to the number of the coils emitted from the network of the brane necklaces. Therefore, we can write

ṅ_{coil} ∼ 1 (pαt^4)

. (2.12)

In the most efficient case when all the loops are stabilized by the coils, the relic number density of the coils is obtained by integrating eq. (2.12). The ratio Y_s = � (ṅ/s)dt is:

Y_s ≃ (pα)^{−1} M^{−3/2}_p ϵ^{1/2}_t t^{−3/2}_m (2.13)

for r < 1, and

Y_s ≃ � r pα � M^{−3/2}_p ϵ^{1/2}_t t^{−3/2}_m (2.14)

for r ≫ 1. Here t_m is the time when the monopoles are produced as the kinks on the strings, and ϵ_t is defined by ϵ_t = t_m/t_{coil}, where t_{coil} is the cut-off time when the wavelength of the wiggles becomes much larger than the typical distance between monopoles. We have assumed that the coils produced before t_{coil} are negligible.

• We must be careful if the effective potential V (ϕ) is lifted by the conventional mechanism of supersymmetry breaking. In this case, since the sizes of the monopoles are comparable to the Hubble radius when they are formed, initially the wiggles cannot form coils. The coils are formed at much later period when l_{wiggles} ≫ d, which means ϵ_t ≪ 1.

As we have discussed above, a rough estimation of the characteristic properties of the networks of the brane necklaces is straightforward. Their evolution can be approximated by the evolution of the conventional p ≪ 1 strings or the necklaces. On the other hand, one may suspect that the “vacua” on the strings might not be degenerated, and the brane necklaces might not behave as we have discussed above. We think this claim could be true. If the vacua on the strings are only quasi-degenerated, the tension of the strings in the different domains will be different by a small factor Δμ. Due to Δμ ≠ 0, the monopoles may move along the strings, and may be annihilated or gathered to form coils on the strings. After the “true vacuum” dominates the necklaces, the reconnection probability of the necklaces will be enhanced up to p ≃ 1, because the other “false vacua” have shrunk to a point. Then the situation becomes quite the same as the evolution of the conventional p ∼ 1 necklaces [28]. The only difference is that the monopoles are replaced by the coils, which can stabilize the loops of the strings.

– 14 –

3. Conclusions and discussions

In this paper we have investigated the cosmological evolution of the cosmic strings in angled inflation. We have shown that the cosmic strings in angled inflation turn out to be the brane necklaces. The evolution of the networks of the brane necklaces is similar to the conventional p ≪ 1 strings. However, the loops of the brane necklaces will shrink to produce superheavy winding states, which look like coils. In angled inflation, it is therefore possible to distinguish the brane necklaces from the conventional cosmic strings and necklaces. Moreover, the reconnection probability of the brane necklaces can be enhanced up to p ∼ 1 if the degeneracy of the vacua is resolved by a small perturbation. We have made a rough estimation of the characteristic properties of the network of the brane necklaces. It is obvious that the numerical simulations are required to obtain more sensible results.

Here we should discuss what we can say about the conventional brane strings in the simplest scenario of DD brane inflation. As is already discussed in ref. [25, 26], it seems natural to think that the position of the daughter branes in the compactified space should be stabilized. On the other hand, however, there is no sensible reason that we have to believe that the potential has only a unique global minimum in the compactified space. Therefore, it is always important to consider daughter branes that have multiple minima in the compactified space. As a result, it is always natural to consider cosmic strings that have many domains on their world volume, which induces kinks interpolating between them. Even if the flat directions are stabilized at a unique minimum, winding states (coils) can appear if the Brownian motion induces windings around a nontrivial circle in the compactified space. Naively, the nontrivial circle means a conventional noncontractible circle that winds around compactified space. In generic cases, however, the nontrivial circle could be a valley of the potential that winds around a hill.

It is obvious that any branes that are produced by brane collision can have flat directions in the internal space. Then due to the Brownian motion, the cosmic strings will become the brane necklaces or the brane coils. The brane necklaces can therefore be produced in other generic brane models. If the necklaces are produced, they can be used to probe the internal structure of the compactified space. Moreover, future numerical simulations will provide us the important information about the undetermined parameters, which may put serious bounds on brane inflation.

Acknowledgments

We wish to thank K. Shima for encouragement, and our colleagues in Tokyo University for their kind hospitality.

References

[1] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, New dimensions at a millimeter to a fermi and superstrings at a TeV, Phys. Lett. B 436 (1998) 257 [hep-ph/9804398];

I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B 246 (1990) 377;

– 15 –

N. Arkani-Hamed, S. Dimopoulos and G.R. Dvali, The hierarchy problem and new dimensions at a millimeter, Phys. Lett. B 429 (1998) 263 [hep-ph/9803315].

[2] P. Kanti and K.A. Olive, On the realization of assisted inflation, Phys. Rev. D 60 (1999) 043502 [hep-ph/9903524]; Assisted chaotic inflation in higher dimensional theories, Phys. Lett. B 464 (1999) 192 [hep-ph/9906331];

N. Arkani-Hamed, S. Dimopoulos, N. Kaloper and J. March-Russell, Rapid asymmetric inflation and early cosmology in theories with sub-millimeter dimensions, Nucl. Phys. B 567 (2000) 189 [hep-ph/9903224];

R.N. Mohapatra, A. Perez-Lorenzana and C.A. de Sousa Pires, Inflation in models with large extra dimensions driven by a bulk scalar field, Phys. Rev. D 62 (2000) 105030 [hep-ph/0003089];

A.M. Green and A. Mazumdar, Dynamics of a large extra dimension inspired hybrid inflation model, Phys. Rev. D 65 (2002) 105022 [hep-ph/0201209];

D.H. Lyth, Inflation with TeV-scale gravity needs supersymmetry, Phys. Lett. B 448 (1999) 191 [hep-ph/9810320];

T. Matsuda, Kaluza-Klein modes in hybrid inflation, Phys. Rev. D 66 (2002) 107301 [hep-ph/0209214];

T. Matsuda, Successful D-term inflation with moduli, Phys. Lett. B 423 (1998) 35 [hep-ph/9705448].

[3] T. Matsuda, Topological hybrid inflation in brane world, JCAP 06 (2003) 007 [hep-ph/0302204];

T. Matsuda, Q ball inflation, Phys. Rev. D 68 (2003) 127302 [hep-ph/0309339].

[4] T. Matsuda, Thermal hybrid inflation in brane world, Phys. Rev. D 68 (2003) 047702 [hep-ph/0302253]; F-term, D-term and hybrid brane inflation, JCAP 11 (2003) 003 [hep-ph/0302078]; Non-tachyonic brane inflation, Phys. Rev. D 67 (2003) 083519 [hep-ph/0302035].

[5] G.R. Dvali and G. Gabadadze, Non-conservation of global charges in the brane universe and baryogenesis, Phys. Lett. B 460 (1999) 47 [hep-ph/9904221];

A. Masiero, M. Peloso, L. Sorbo and R. Tabbash, Baryogenesis vs. proton stability in theories with extra dimensions, Phys. Rev. D 62 (2000) 063515 [hep-ph/0003312]; A. Pilaftsis, Leptogenesis in theories with large extra dimensions, Phys. Rev. D 60 (1999) 105023 [hep-ph/9906265];

R. Allahverdi, K. Enqvist, A. Mazumdar and A. Perez-Lorenzana, Baryogenesis in theories with large extra spatial dimensions, Nucl. Phys. B 618 (2001) 277 [hep-ph/0108225]; S. Davidson, M. Losada and A. Riotto, Baryogenesis at low reheating temperatures, Phys. Rev. Lett. 84 (2000) 4284 [hep-ph/0001301].

[6] T. Matsuda, Baryon number violation, baryogenesis and defects with extra dimensions, Phys.

Rev. D 66 (2002) 023508 [hep-ph/0204307]; Activated sphalerons and large extra dimensions, Phys. Rev. D 66 (2002) 047301 [hep-ph/0205331]; Enhanced baryon number violation due to cosmological defects with localized fermions along extra dimension, Phys. Rev. D 65 (2002) 107302 [hep-ph/0202258]; Defect-mediated electroweak baryogenesis and hierarchy, hep-ph/0102040.

[7] T. Matsuda, Hybridized Affleck-Dine baryogenesis, Phys. Rev. D 67 (2003) 127302 [hep-ph/0303132]; Affleck-dine baryogenesis after thermal brane inflation, Phys. Rev. D 65 (2002) 103501 [hep-ph/0202209]; Affleck-dine baryogenesis in the local domain, Phys. Rev. D 65 (2002) 103502 [hep-ph/0202211]; Electroweak baryogenesis mediated by locally

– 16 – supersymmetry-breaking defects, Phys. Rev. D 64 (2001) 083512 [hep-ph/0107314]; Curvaton paradigm can accommodate multiple low inflation scales, Class. and Quant. Grav. 21 (2004) L11 [hep-ph/0312058].

[8] T. Matsuda, Brane q-ball, branonium and brane q-ball inflation, JCAP 10 (2004) 014 [hep-ph/0402223].

[9] T. Matsuda, Formation of monopoles and domain walls after brane inflation, JHEP 10 (2004) 042 [hep-ph/0406064]; Formation of cosmological brane defects, JHEP 11 (2004) 039 [hep-ph/0402232].

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

hep-th/0412095.

[11] 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];

L. Pogosian, S.H.H. Tye, I. Wasserman and M. Wyman, Observational constraints on cosmic string production during brane inflation, Phys. Rev. D 68 (2003) 023506 [hep-th/0304188]; M. Gomez-Reino and I. Zavala, Recombination of intersecting D-branes and cosmological inflation, JHEP 09 (2002) 020 [hep-th/0207278];

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

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

N. Dorey, T. J. Hollowood and D. Tong, The BPS spectra of gauge theories in two-dimensions and four-dimensions, JHEP 05 (1999) 006 [hep-th/9902134].

[12] G.R. Dvali, I.I. Kogan and M.A. Shifman, Topological effects in our brane world from extra dimensions, Phys. Rev. D 62 (2000) 106001 [hep-th/0006213].

[13] T. Matsuda, Incidental brane defects, JHEP 09 (2003) 064 [hep-th/0309266].

[14] M. Eto, Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, Instantons in the Higgs phase,

hep-th/0412048;

Y. Isozumi, M. Nitta, K. Ohashi and N. Sakai, All exact solutions of a 1/4 Bogomol’nyi-Prasad-Sommerfield equation, Phys. Rev. D 71 (2005) 065018 [hep-th/0405129].

[15] N. Arkani-Hamed and M. Schmaltz, Hierarchies without symmetries from extra dimensions, Phys. Rev. D 61 (2000) 033005 [hep-ph/9903417].

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

[17] C. Herdeiro, S. Hirano and R. Kallosh, String theory and hybrid inflation/acceleration, JHEP 12 (2001) 027 [hep-th/0110271];

K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, D3/d7 inflationary model and M-theory, Phys. Rev. D 65 (2002) 126002 [hep-th/0203019];

J. Garcia-Bellido, R. Rabadán and F. Zamora, Inflationary scenarios from branes at angles, JHEP 01 (2002) 036 [hep-th/0112147].

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

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

– 17 –

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

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

[22] G. Aldazabal, S. Franco, L.E. Ibáñez, R. Rabadán and A.M. Uranga, Intersecting brane worlds, JHEP 02 (2001) 047 [hep-ph/0011132];

R. Blumenhagen, D. Lüst and S. Stieberger, Gauge unification in supersymmetric intersecting brane worlds, JHEP 07 (2003) 036 [hep-th/0305146];

I.R. Klebanov and E. Witten, Proton decay in intersecting D-brane models, Nucl. Phys. B 664 (2003) 3 [hep-th/0304079];

M. Cvetič, P. Langacker and J. Wang, Dynamical supersymmetry breaking in standard-like models with intersecting D6-branes, Phys. Rev. D 68 (2003) 046002 [hep-th/0303208]; M. Cvetič and I. Papadimitriou, More supersymmetric standard-like models from intersecting D6-branes on type-IIA orientifolds, Phys. Rev. D 67 (2003) 126006 [hep-th/0303197]; S.A. Abel and A.W. Owen, N-point amplitudes in intersecting brane models, Nucl. Phys. B 682 (2004) 183 [hep-th/0310257];

D. Bailin, G.V. Kraniotis and A. Love, Standard-like models from intersecting d5-branes, Phys. Lett. B 553 (2003) 79 [hep-th/0210219];

C.F. Doran and M. Faux, A ’periodic table’ for supersymmetric M-theory compactifications, J. Math. Phys. 44 (2003) 2853 [hep-th/0208030];

C. Kokorelis, Exact standard model compactifications from intersecting branes, JHEP 08 (2002) 036 [hep-th/0206108];

C. Kokorelis, New standard model vacua from intersecting branes, JHEP 09 (2002) 029 [hep-th/0205147];

D. Cremades, L.E. Ibáñez and F. Marchesano, Standard model at intersecting d5-branes: lowering the string scale, Nucl. Phys. B 643 (2002) 93 [hep-th/0205074].

[23] G.R. Dvali, Infrared hierarchy, thermal brane inflation and superstrings as superheavy dark matter, Phys. Lett. B 459 (1999) 489 [hep-ph/9905204].

[24] T. Matsuda, Weak scale inflation and unstable domain walls, Phys. Lett. B 486 (2000) 300 [hep-ph/0002194]; On the cosmological domain wall problem in supersymmetric models, Phys. Lett. B 436 (1998) 264 [hep-ph/9804409]; Domain wall solution for vector-like model, Phys. Lett. B 423 (1998) 40 [hep-ph/9710230].

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

hep-th/0405229;

J. Polchinski, Cosmic superstrings revisited, AIP Conf. Proc. 743 (2005) 331–340 [hep-th/0410082];

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

[26] 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].

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

hep-ph/0410349.

[28] V. Berezinsky and A. Vilenkin, Cosmic necklaces and ultrahigh energy cosmic rays, Phys.

Rev. Lett. 79 (1997) 5202 [astro-ph/9704257].

– 18 –

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

[30] X. Siemens and K.D. Olum, Gravitational radiation and the small-scale structure of cosmic strings, Nucl. Phys. B 611 (2001) 125 [gr-qc/0104085];

X. Siemens, K.D. Olum and A. Vilenkin, On the size of the smallest scales in cosmic string networks, Phys. Rev. D 66 (2002) 043501 [gr-qc/0203006].

– 19 –