arXiv:0903.0292v2 [hep-th] 17 Aug 2011

Cosmic String in the BTZ Black Hole Background with Time-Dependant Tension

J. Sadeghi^{a∗}, H. Farahani^{a †}, B. Pourhassan^{a ‡}and S. M. Noorbakhsh^{a§}

aSciences Faculty, Department of Physics, Mazandaran University,

P .O .Box 47415-416, Babolsar, Iran

August 18, 2011

Abstract

In this paper, we study the equation of circular loops with time-dependant tension in the BTZ black hole background. We obtain various cases where cosmic string loops finally collapse to form black holes. Also, we study effect of the BTZ black hole mass and angular momentum on the evolution of cosmic string loops. We find the critical values of initial radii as a limit for the cosmic string loops collapsing to form black holes.

Keywords: BTZ black hole; Time-dependant tension; Cosmic string loops.

1 Introduction

As we know the interaction between two fields plays an important role in cosmology and particle physics [1]. The connecting link was provided by Kirzhnits [2] who suggested that spontaneously broken symmetries can be restored at sufficiently high temperatures. According to the modern ideas, the elementary particle interactions are described by a grand unified theory (GUT) with a simple gauge group G which is a valid symmetry at highest energies. As the energy is lowered, the model undergoes a series of spontaneous symmetry breaking [1]. On the other hand in hot big bang cosmology this spontaneous symmetry breaking implies a sequence of phase transitions [3]. The phase transitions in the early universe can give rise to topological stable defects like strings. A discussion of their evolution were given by Kibble [4]. Cosmic strings may be created as one-dimensional topological space-time defects and are hypothesized to form when the field undergoes a phase change in different regions of space-time. This is resulting in condensations of energy density at the boundaries between

∗Email: pouriya@ipm.ir †Email: h.farahani@umz.ac.ir ‡Email: b.pourhassan@umz.ac.ir §Email: s.m.noorbakhsh@umz.ac.ir

regions. These cosmic strings can lead to very interesting cosmological consequences such as explaining galaxy formation [5-7]. Because of their space-time metric with a deficit angle they can produce a number of distinctive and unique observational effects. Also Cosmic strings can be produced at the end of inflation or at the end of brain inflation [8,9] providing us with a potential window on M-theory [10-12]. However, the CMB rules out cosmic strings as seeds of large scale structure formation in the universe because of limits on their tension (Gμ < 10^{−6}) [13-15]. Furthermore, cosmic strings still have strong influence on astrophysics [16, 17] such as gravitational lensing effects [18, 19], gravitational wave background [20, 21] and early re-ionization [22, 23]. They would have immense density and also would represent significant gravitational sources. A cosmic string with 1.6 kilometers in length would exert more gravity than the Earth. Cosmic strings would form a network of loops in the early universe and their gravity could have been responsible for the original clumping of matter into galactic superclusters. After the formation of cosmic string, they are not static and would continuously evolve under the force of their tension. They can collide and intersect to undergo reconnections also strings stretch under the influence of the Hubble expansion or the environment. In that case the strings lose energy to gravitational radiation when they oscillate. The reconnections of long strings and large loops will produce small loops copiously [24]. The observational results to support the existence of cosmic string loops in our Universe are in the Refs. [19, 25]. A cosmic string’s vibration, which would oscillate near the speed of light, can cause parts of the string to pinch off into an isolated loop. These loops have a finite lifetime due to decay via gravitational radiation. Gravitational lensing of a galaxy by a straight section of a cosmic string would produce two identical undistorted images of the galaxy. A gravitational lens called CSL-1 which invokes two images with comparable magnitudes of the same giant elliptical galaxy was discovered. It is interesting that many similar objects were found in Refs. [18, 26]. In 2003, a group led by Mikhail Sazhin reported the accidental discovery of two seemingly identical galaxies very close together in the sky, leading to the speculation that a cosmic string had been found [27]. However, observations by the Hubble Space Telescope in January 2005 showed them to be a pair of similar galaxies, not two images of the same galaxy [28, 29]. A cosmic string would produce a similar duplicate image of fluctuations in the cosmic microwave background, which might be detectable by the upcoming Planck Surveyor mission. As a complicated time dependent gravitational source, the cosmic string loops oscillate with time rather randomly. Schild et al observed the brightness fluctuation in the multiple-image lens system Q0957+561A, B [19, 25]. They think that system consists of two quasar images separated by approximately 6 degrees. The phenomena are images of the same quasar because of the same spectroscopic , fluctuating in brightness and time delay between fluctuation sit which is due to lensing that they supply this synchronous variations in two images. The cosmic string loops can also generate more gravitational waves and distinct signatures [20, 21, 30], nearly all loops will become black holes except in special cases. In Minkowski space-time and Robertson-Walker universe, the loops will collapse to form black holes under their own tension certainly instead of remaining oscillating loops after the loops formation [31, 32]. In de Sitter backgrounds, only loops with large initial radii can avoid becoming black holes [31, 33, 34]. However a large loop will evolve to be a lot of smaller loops, loops can not live in a de Sitter space-time unless they are very large. Clearly, in the environment with a positive cosmological constant, few cosmic string loops can survive. The black holes are final results for loops of cosmic string if the tension of cosmic string is constant [35]. So far in nearly all researches considered the tensions of cosmic strings to be constant which is just an assumption but M. Yamaguchi put forward the important issue that the tensions of cosmic strings can depend on the cosmic time [36, 37]. As we know in context of cosmological phase transitions, when the field theory under symmetry group G as U(1) is broken, the cosmic strings are formed. So, we consider a Higgs field ϕ with following self-interaction potential,

V (ϕ) = 1 2 λ(ϕ^†ϕ − η^2), (1)

where ϕ is a complex field and λ is positive integer, also μ is a constant. When symmetry is broken the vacuum expectation value of ϕ is < ϕ >= η and the tension of cosmic strings μ is given by μ ≃ η^2. In the high temperature limit we have an additional potential,

V_T (ϕ) = AT^2(ϕ^†ϕ + V (ϕ)). (2)

As we see the effective mass of the field ϕ ∝ η^2 thus η depends on the temperature T and hence on the cosmic time η is η = η(t) [1]. This implies that the tension μ also depends on the cosmic time μ(t) [36]. Since η is associated with scale factor a(t) then the tension can be denoted as μ ∝ a(t)^{−3} where a(t) is the scale factor. As we know a(t) ∝ t^23 , in a matter-dominated universe, and also a(t) ∝ t^12 , in a radiation-dominated universe. So the tension become proportional to t^23 and t^12 respectively. We have a general case of power-law expansion: a(t) ∝ t^α [1]. The results show that time varying tensions of cosmic strings can cause matter power spectra and CMB completely different from those induced by constant tensions [36, 37].

In order to explain cosmic string dynamic we need to find the Nambu-Goto action. In that case we choose ξ^0, ξ^1 parameters as time like and space like coordinates respectively. If we choose the gauge condition on string world-sheet coordinates we may use the conformal gauge where ẋ^2 + x^{′2} = 1, so we will obtain wave equations as ẍ^ν + x^{′′ν} = 0 or ẍ^ν − x^{′′ν} = 0 [38, 39]. In this case the motion of the string must be periodic in time with the period, T = m/2μ where m is the mass of the loop [40]. In this paper, we consider the wave equation as ẍ^ν − x^{′′ν} = 0.

All above information give us motivation to consider circular loop with time dependent tension, and study the equation of cosmic string loops in Banados , Teitelboim and Zanelli (BTZ) black hole background. Also we investigate several cases of the BTZ black hole with circular loop information. The idea that cosmic string loop will form a black hole is not new. This subject already investigated [41-44]. Now, we study such phenomena in BTZ background. Throughout this paper we use natural units where the speed of light c = 1.

2 The BTZ black hole metric

As we know the black hole solution of BTZ in (2+1) space time are derived by the following three dimensional theory of gravity, S = ∫ d^3x √ −g(^{(3)}R + Λ), (3)

where^{(3)}R is called Rici scalar in three dimensions, and Λ denotes cosmological constant. The BTZ black hole is obtained as the quotient space SL(2, R) < (ρ_l, ρ_R) >, where < (ρ_l, ρ_R) > denote the subgroup of SL(2, R) × SL(2, R) generated by (ρ_l, ρ_R). In the coordinate chosen here the metric reads

dS^2 = − ( −M + r^2 l^2 + J^2 4r^2 ) dt^2 + dr^2 (−M +^{r2}_{l2} +^{J 2}_{4r2} )

+ r^2(dϕ − J 2r^2 dt)^2, (4)

where M is Arnowwitt-Deser-Misner (ADM) mass , and J is angular momentum (spin) of the BTZ black hole where −∞ < t < ∞, 0 ≤ R < ∞ and 0 < θ < 2π with the cosmological constant Λ =^1_{l2} > 0. The metric (4) is singular when r = r_±,

r^2_± = Ml^2 2 (1 ± [1 − ( J Ml )^2]^{12} ), (5)

and, M = r^2_+ + r^2_− l^2 , J = 2r_+r_− l . (6)

Here, we emphasis that if |J| > Ml, r_± become complex and the horizon will disappear. In the case of M = 1 and J = 0 the metric may be recognized as the ordinary AdS space.

3 The circular loop equation

Now, we study behavior of a circular cosmic string in the BTZ black hole background (4). A free string propagating in a space-time sweeps out a two-dimensional surface which is called string world-sheet. The Nambu-Goto action for a cosmic string with time-dependent tension is given by S = − ∫ d^2σμ(τ) [ ( ∂x ∂σ^0 ∂x ∂σ^1 )^2 − ( ∂x ∂σ^0 )^2( ∂x ∂σ^1 )^2

] 1_2 , (7)

where μ(t) is the string tension which is function of cosmic time. Here, σ^a = (t, ϕ)(a = 0, 1) are timelike and spacelike string coordinates respectively. x^μ(t, ϕ) with μ, ν = 0, 1, 2, 3 are the coordinates of the string world-sheet in the space-time. For simplicity and without generality changed we assume that the string lies in the hypersurface θ =^π_2 , then the space-time coordinates of the world-sheet parameterized by σ^0 = t ,σ^3 = ϕ, so we have x(t, r(t, ϕ),^π_2 , ϕ) as string profile. In the case of planar circular loops, we have r = r(t). According to the metric (4) and the d-dimensional space-time coordinates mentioned above, the Nambu-Goto action with an additional factor for the time-dependent tension belonging to a cosmic string denoted as, S = − ∫ dtdϕμ(t)r(h − ṙ^2 h )^{12} , (8)

where h = (−M +^{r2}_{l2} +^{J 2}_{4r2} ). Let l = 1, then we introduce the following equation for loops, which have time-varying tension as μ(t) = μ_0t^q,

h^2r̈r + q t rṙ(h^2 − ṙ^2) − ṙ^2(h^2 + 3r^2h) + h^4 + r^2h^3 −

J^2 4r^2

(h^3 − 3ṙ^2) = 0, (9)

where μ_0 is a constant. Recently people have solved the equations for circular loops of cosmic string for the Minkowski space-time, Robertson-Walker universe, de-Sitter space-time and Kerr-de Sitter space-time [16, 32, 33, 35, 45]. They have found some constraints that a loop of cosmic string should not collapse to form black hole for the case of constant and time-dependent tension. Time-dependent tension changes as the power q like μ(t) = μ_0t^q in different space-times. For example, Vilenkin in the Ref. [16] shown that in case of Minkowski and Friedmann-Robertson-Walker (FRW) space-time with constant tension for cosmic strings, all closed loops finally will be collapsed to form black hole. Then, Cheng and Liu [30] studied equation of circular loops of cosmic string with time-dependent tension in the Minkowski and FRW space-time and shown that there must exist a critical value q_f = −0.131. In the Minkowski space-time when q < q_f all cosmic string loops will expand to evolve or contrarily will collapse to form black holes when q > q_f . For FRW background it is shown that there also exist a special value for every era, q_r = −0.078 for radiationdominated era and q_m = −0.062 for matter-dominated one. In each era when q < q_r or q < q_m all cosmic string loops will expand to evolve with any values of r(t_0) = r_0 as the initial radii. So, Larsen [33] solved equation of loops in de-Sitter space-time with constant tension, it was shown that loops of cosmic string will keep on expanding in de Sitter spacetimes if their radii satisfies the condition like r(t_0) > 0.707. After that Cheng and Liu [35] solved equation of loops in de-sitter space-time with time-dependent tension. They have shown that the results same as Larsen [33] when the initial radius is r(t_0) > 0.707. But in the case of r(t_0) < 0.707 there must exist a critical value denoted as α, when q < α, the cosmic string loops will enlarge to evolve or contrarily will collapse to form black holes when q > α. Now, we are going to solve equation (9) numerically, for the case of q = 0 and q ≠ 0. In that case we account M and J as variables, we find constraint for initial radii of cosmic string loops collapsing to form black holes or vice versa will expand to evolve. Our numerical method is as the following. Once, we fix q, M and J, and vary initial radii to obtain curves of r in terms of cosmic time t. It help us to find critical values of initial radii. Then, we fix q, J and initial radii, and vary M to obtain a relation between the black hole mass and collapsing of the loops to black hole. Finally we fix M, J and initial radii, and vary q to obtain special region of q where loops forming black hole. First, we suppose tension as constant q = 0, J = 0 and M = 1, we get the same result as de-Sitter space-time solved by Larsen [33]. In that case for collapsing to form black holes we have r(t_0) < 0.7070. In the case of J ≠ 0 and M = 1, the results are different and they are classified in the table 1.

J Critical r(t_0) -3 r(t_0) > 4.80 -2 r(t_0) > 3.740 -1 r(t_0) > 0.707 −2/3 0.357 < r(t_0) < 0.707 -1/2 0.26 < r(t_0) < 0.707 0 r(t_0) < 0.707 1/2 0.26 < r(t_0) < 0.707 2/3 0.357 < r(t_0) < 0.707 1 r(t_0) > 0.707 2 r(t_0) > 3.740 3 r(t_0) > 4.80

Table 1: M = 1, q = 0 and different J.

In the table 1. we present some critical initial radii of the loops which lead to form black holes. It is completely obvious, in the case of |J| ≥ 1, it should be r(t_0) > α where α is the critical value of radii, we see that by increasing positive and negative |J| the critical initial radii become larger and we see same symmetry in values of J and radii. If |J| < 1, then not only we satisfy the above information but also there is an extra constraint for initial radii as α < r(t_0) < 0.707 (r(t_0) is the initial radii).

Figure 1: Graph of the r(t), radii of circular loops, in the BTZ black hole with M = 1 and J = 2. The solid, dash-doted and dashed curves drawn with initial value r(t_0) =1.00 ,3.740 and 5.00 respectively under assumption of ṙ = 0 and q = 0.

We see in the table 1. results for |J| > M and |J| < M are different. The case of |J| > M, (M = 1) implies that how much the angular momentum of the black hole increases, only cosmic loops of larger radii can form black holes and all the cosmic loops having smaller radii than critical initial radii will survive. Since 0.707 is a very big amount then, most of the loops will keep on expanding and the black hole formation possibility will decline. We see in the Fig. 1, with |J| > 1 the critical value of initial radii is larger than l = 1 which means that r(t_0) is larger than the size of the universe so their existence in such condition may be impossible.

But we see in the Fig. 2, for the |J| < M, with M = 1, the result is completely different. Here, loops of larger than 0.707 will remain in our universe and smaller ones will collapse to form black holes then, there will be more possibility of forming black holes. For other values of mass as a constant and different J results are the same and the only difference is in their critical initial radii.

Figure 2: Graph of the r(t), radii of circular loops, in the BTZ black hole with M = 1 and J = 0.5. The solid, dashed and dotted curves drawn with initial radii r(t_0)=0.752, 0.562 and 0.684 respectively under assumption of ṙ = 0 and q = 0.

Now, we take J as a constant and M is different. So, we find some constraint on the initial radii which give us the formation of black holes.

M Critical r(t_0) F orM < 0 Any initial radii M = 0 Any initial radii 1 r(t_0) > 0.707 2 r(t_0) > 0.369 3 r(t_0) > 0.294 10 r(t_0) > 0.160

Table (2). Results For J = 1 and q = 0, when M is different.

As explained in the table 2, when the mass of the black hole is M ≤ 0 there is no constraint on the initial radii of the cosmic string loops for collapsing to form black holes. In that case there is no chance for loops to survive in the space time and variation of J has no affect to avoid the collapsing of the loops become black hole. When the mass of the BTZ black hole is M > 0 then the loops for collapsing should satisfy constraint as r(t_0) > α and the values of α decrease with increasing of the BTZ mass. We find that by increasing the mass of BTZ black hole the less loops will stay because the initial radii is small, so there are more loops satisfying this condition. Here, we must point out for the spinless and M = 1 BTZ black holes, we have de-Sitter space-time which is solved by in the Ref. [33].

Figure 3: Graph of the r(t), radii of circular loops, in the BTZ black hole with J = 1. The solid, dashed, dash-dotted and dotted curves drawn with M = −3.8, −0.85, 0.002, and 0.23 respectively with initial values r(t_0) = 0.725, ṙ = 0 and q = 0 .

In the special case, it is found for initial radii r(t_0) < 0.7070 the loops will collapse to form black hole. But we showed that for the BTZ black hole with angular momentum as J ≥ 1, the result is clearly contrast with the results of the Ref. [33]. The physical interpretation of this phenomena is simple, so the strings with angular momentum have rotational motion and it yields to black hole later. It means that the loops with condition like r(t_0) > 0.7070 will collapse to form black hole, and also we note that smaller loops avoid to become black hole. The observational results show that there could exist a lot of cosmic string loops in our universe [19, 25]. The final results of the cosmic string loops in the BTZ background in the case of J > 1 lead us to have lots of loops.

Fig. 3 shows that if the magnitude of the BTZ black hole mass decreases, then the rate of collapsing loops becomes faster. It means that massive loops are better candidate to forming black holes.

Next, we shall discuss about the cosmic strings with time-varying tension. For the loops of cosmic string as the power of time μ = μ_0t^q we solve equation (9) numerically. As mentioned above, the values of large J can not cause collapsing loops to black hole. Now, we consider J = 1, M = 1 and μ = μ_0t^q, and we find that for all values of q ≥ 0 our results are same as q = 0. It means that the loops satisfying r(t_0) > 0.707 finally collapse to black holes, and the value of q > 0 can only has influence on the time of collapsing (see the Fig. 4).

Figure 4: The solid, dashed, and dotted curves of r(t) represented q = 1.5, 2.3 and 4.5 respectively, where we assumed M = 1, J = 1, r(t_0) = 0.717 and ṙ = 0.

The Fig. 4 shows that by increasing the values of q the loops take longer time to become black holes. But for q < 0, when r(t_0) > 0.707, we can find limit of q as, −4.78 < q < −0.65 where loops forming black holes, which is given in the Fig. 5. It means that for q ≈ 0, where we have approximately time-independent tension, loops can’t form a black hole. Therefore, formation of black hole is depend on time-dependence of string loops. Then by increasing |q| from 0.65 to 4.78 string loop can form a black hole faster. As we know, for q < 0, by increasing |q| strings become approximately tensionless (μ = μ_0t^q), so tensionless string have no chance to form a black hole. Hence, there are two critical values q_{c1} = 0.65 and q_{c2} = −4.78, where string loops with condition q_{c1} ≥ q ≥ q_{c2} collapse to form black hole. In another word q > q_{c1} yields to approximately time-independent string and q < q_{c2} yields to approximately tensionless string. We should note here that q_{c2} is larger than the critical value of q obtained from Minkowski of FRW backgrounds.

Figure 5: The solid, dashed, and dotted curves of r(t) as a function of cosmic time represented q = −7.9, −4.5 and -2.3 respectively, where we assumed M = 1, J = 1, r(t_0) = 0.717 and ṙ = 0.

4 Conclusion

In this paper, we solved equation of a circular cosmic string loop in the BTZ background, that evolving in the hypersurface with θ =^π_2 . By solving the equation (9) numerically, we try to obtain various cases where cosmic string loop finally change to form black holes. Then, we could obtain most of parameters which have effect on this event. First, we considered the tension of loops as constant (q = 0) for J ≠ 0, and find a critical value of initial radii of loops as α, where if r(t_0) < α and |J| < 1 loops will collapse to form black hole and for r(t_0) > α and |J| > 1 they will stay in universe. Interesting case is |J| > 1, so by increasing J the critical value of radii also increases. These critical values are larger than the size of universe. Thus, we can conclude for larger angular momentum, many of cosmic string loops stay in universe and avoid to become black hole. Also, we find that any change in the value of M can lead to a new critical initial radii, it means that by enlarging the value of the BTZ black hole mass, the critical radii becomes larger and the possibility of forming black holes become lesser. We can point out for M ≤ 0, without having any constraint, all the loops will finally collapse to form black holes. Also we got to interesting results for time-dependent tension of cosmic string loops, and found that for all values of q ≥ 0 any variation of q has no effect on the value of the critical radii. Then, the results are the same as q = 0. But by increasing the positive values of q the loops take longer time to become black holes (see Fig. 4). We have tried to find the effect of q < 0 on the evaluation of cosmic strings. In that case, and by considering J = 1, there is a limit for q as −4.78 < q < −0.65 where loops become black holes. These results and limited quantities may be useful to obtain loop number density distribution which yield to compute various quantities describing the cosmological impact of cosmic string loops today [46]. Such studies may be lead to understand the mechanism of formation of galaxies. This aim also may be verify by consideration of cosmic strings as a possible source of geometric perturbations perpendicular to the string world-sheet [47]. Acknowledgments It is pleasure to thank Hassan Firouzjahi for reading the manuscript and giving physical comments and also grammatical suggestions.

References

[1] A. Vilenkin, Phys. Rep. 121 (1985) 263. [2] D.A. Kirzhnits, JETP Lett. 15 (1972) 745.

[3] A.D. Linde, Rep. Prog. Phys. 42 (1979) 389; S. Weinberg, Phys. Rev. D9 (1974) 3357;

L. Dolan and R. Jackiw, Phys. Rev. D9 (1974) 3320.

[4] T.W.B. Kibble, J. Phys. A9 (1976) 1387; Phys. Reports 67 (1980) 183; in: Quantum structure of space-time, eds. M.J. Duff and C.J. Isham (Cambridge University Press, Cambridge, 1982).

[5] Ya. B. Zel’dovich, Mon. Not. R. Astr. Soc. 192 (1980) 663. [6] A. Vilenkin, Phys. Rev. Lett. 46 (1981) 1169, 1496 (E). [7] A.Vilenkin and Q. Shafi, Phys. Rev. Lett. 51 (1983) 1716. [8] S. Sarangi, S. H. H. Tye, Phys. Lett. B536(2002)185.

[9] L. Pogosian, S. H. H. Tye, I. Wasserman, M. Wyman, Phys. Rev. D68(2003)023506. [10] N. T. Jones, H. Stoica, S. H. H. Tye, Phys. Lett. B563(2003)6. [11] G. Dvali, A. Vilenkin, JCAP0403(2004)010.

[12] M. G. Jackson, N. T. Jones, J. Polchinski, JHEP0510(2005). [13] L. Pogosian, M. C. Wyman, I. Wasserman, JCAP0409(2004)008. [14] E. Jeong, G. F. Smoot, Astrophys. J. 624(2005)21.

[15] M. V. Sazhin et. al., astro-ph/0406516.

[16] A. Vielenkin, E. P. S. Shellard, Cosmic Strings and Other Topological Defects, Cambridge University Press 1994.

[17] M. B. Hindmarsh, T. W. B. Kibble, Rep. Prog. Phys. 58(1995)477. [18] M. Sazhin et al., Mon. Not. R. Astron. Soc. 343(2003)353 [19] R. Schild et al., Astron. Astrophys. 422(2004)477 [20] T. Damour, A. Vilenkin, Phys. Rev. D71(2005)063510 [21] C. J. Hogan, Phys. Rev. D74(2006)043526 [22] L. Pogosian, A. Vilenkin, Phys. Rev. D70(2004)063523 [23] K. D. Olum, A. Vilenkin, Phys. Rev. D74(2006)063516.

[24] Hongbo Cheng, Yunqi Liu, ”The circular loop equation of a cosmic string with timevarying tension”, Mod.Phys.Lett.A23 (2008) 3023 [arXiv:0801.2808 [hep-th]].

[25] A. de Laxi, T. Vachaspati, Phys. Rev. D54(1996)4780. [26] M. Sazhin et al., Astrophys. J. 636(2005)L5.

[27] Sazhin, Mikhail; et al. (August 2003). ”CSL-1: chance projection effect or serendipitous discovery of a gravitational lens induced by a cosmic string?”. Monthly Notices of the Royal Astronomical Society 343 (2): 353. doi:10.1046/j.1365-8711.2003.06568.x.

[28] Eric Agol, Craig J. Hogan, and Richard M. Plotkin, ”Hubble imaging excludes cosmic string lens”, Physical Review D 73 (2006) 087302.

[29] M. V. Sazhin, M. Capaccioli, G. Longo, M. Paolillo, O. S. Khovanskaya, N. A. Grogin, E. J. Schreier, G. Covone ”The true nature of CSL-1”, [arXiv:astro-ph/0601494].

[30] H. Cheng, X. Li, Chin. Phys. Lett. 13 (1996) 317.

[31] M. R. Anderson, The mathematical theory of cosmic string - cosmic strings in the wire approximation, IOP Publishing Ltd., 2003.

[32] X. Li, H. Cheng, Class. Quantum Grav. 13(1996)225. [33] A. L. Larsen, Phys. Rev.D50(1994)2623. [34] Z. Gu, H. Cheng, Gen. Rel.Grav. 39(2007)1.

[35] Yunqi Liu, Hongbo Cheng, ”The circular loop equation of a cosmic string with time-varying tension in de Sitter spacetimes”, Int.J.Theor.Phys.48 (2009) 1070, [arXiv:0801.4615 [hep-th]].

[36] M. Yamaguchi, Phys. Rev. D72(2005)043533.

[37] K. Ichikawa, T. Takahashi, M. Yamaguchi, Phys. Rev.D74(2006)063526. [38] P. Goddard, J. Goldstone, C. Rebbi and C.B. Thorn, Nucl. Phys. B56 (1973) 109. [39] J. Scherk, Rev. Mod. Phys. 47 (1975) 123.

[40] T.W.B. Kibble and N. Turok, Phys. Lett. 116B (1982) 141.

[41] R. R. Caldwell and Paul Casper, ”Formation of black holes from collapsed cosmic string loops”, PRD 53 (1996) 3002.

[42] S. W. Hawking, ”Black holes from cosmic strings”, Physics Letters B231 (1989) 237-239. [43] Ubi F. Wichoski, Jane H. MacGibbon and Robert H. Brandenberger, ”Astrophysical constraints on primordial black hole formation from collapsing cosmic strings”, Physics Reports 307 (1998) 191-196 [44] Joaquim Fort and Tanmay Vachaspati, ”Do global string loops collapse to form black holes?”, Physics Letters B 311 ( 1993 ) 41-46.

[45] Zhengyan Gu, Hongbo Cheng, ”The evolution of cosmic string loops in Kerr-de Sitter spacetimes”, Gen.Rel.Grav.39 (2007) 1, [arXiv:hep-th/0412297].

[46] Larissa Lorenz, Christophe Ringeval, Mairi Sakellariadou, ”Cosmic string loop distribution on all length scales and at any redshift”, JCAP 1010 (2010) 003, [arXiv:1006.0931 [astro-ph.CO]].

[47] A.L.Larsen, ”Circular String-Instabilities in Curved Spacetime” Phys.Rev. D50 (1994) 2623-2630, ”[arXiv:hep-th/9311085].