arXiv:1204.3237v2 [astro-ph.CO] 11 Nov 2012

RESCEU-7/12 DESY 12-044

Evading the pulsar constraints on the cosmic string tension in supergravity inflation

Kohei Kamada^1,^∗ Yuhei Miyamoto^{2,3},^† and Jun’ichi Yokoyama^{3,4‡} 1 Deutsches Elektronen-Synchrotron DESY, Notkestraße 85, D-22607 Hamburg, Germany 2 Department of Physics, Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan 3 Research Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan 4 Institute for the Physics and Mathematics of the Universe (IPMU), The University of Tokyo, Kashiwa, Chiba, 277-8568, Japan

Abstract

The cosmic string is a useful probe of the early Universe and may give us a clue to physics at high energy scales which particle accelerators cannot reach. Although the most promising tool to observe it is the cosmic microwave background (CMB), the constraint from gravitational waves is becoming so stringent that detecting its signatures in CMB may be impossible. In this paper, we construct a scenario that contains cosmic strings observable in the cosmic microwave background while evading the constraint imposed by the recent pulsar timing data. We argue that cosmic strings with relatively large tension are allowed by diluting loops contributing to the relevant frequency range of the gravitational wave background. We also present a particle physics model to realize such dilution in the context of chaotic inflation in supergravity, where the phase transition occurs during inflation due to the time-dependence of the Hubble induced mass.

∗Email: kohei.kamada”at”desy.de †Email: miyamoto”at”resceu.s.u-tokyo.ac.jp ‡Email: yokoyama”at”resceu.s.u-tokyo.ac.jp

I. INTRODUCTION

Cosmic strings [1] are line-like topological defects which may have been generated in a phase transition in the early Universe through the Kibble mechanism [2]^{*1}. Contrary to other topological defects such as monopoles and domain walls, they do not dominate the energy density of the Universe, since they evolve according to a scaling law [4]. At first, they were expected to explain the origin of the primordial density fluctuations that lead to structure formation [5]. Although recent observations of the CMB have ruled out the possibility that cosmic strings alone are responsible for the primordial density fluctuation, they may still contribute to the CMB temperature fluctuation [6–9], which would be a clue to exploring physics at high energy scales.

Thus far, many observations for detecting cosmic strings through the CMB have been done by using the Gott-Kaiser-Stebbins effect [10]. The geodesics of photons passing near a moving string are perturbed, which affects the temperature fluctuations of the CMB. One can thereby constrain the line energy density, or tension, μ. The latest constraint on the string tension is Gμ <∼ 10^{−7} [6, 7]^{*2} with G being the gravitational constant. Future observations such as Planck [11, 12] and CMBpol [13] are expected to detect the signatures of strings on small scales or in larger multipoles of the power spectrum with a tension up to Gμ ∼ 10^{−8} [8, 9].

There is yet another probe to detect or constrain cosmic strings, the stochastic gravitational wave background (GWB) generated by oscillating string loops [14–19]. When long cosmic strings in a Hubble volume intersect with each other, they reconnect and generate closed string loops. As a consequence, the distribution of infinite strings obeys the scaling rule [20–22]. At the same time, the loops produced in such a way oscillate, emit gravitational waves (GWs), and shrink gradually. Since the frequency of GWs is determined by the size of cosmic string loops that are generated continuously in the cosmic history, the spectrum of GWB, which are the sum of GWs emitted by each loop, are expected to range widely, from 10^{−10} Hz to 10^5 Hz or even higher frequencies [14]. Although their amplitude is typically very small, we may observe their signatures in the GWB through the future gravitational

*1 See [3], however, for the impossibility of thermal phase transitions to produce strings relevant to structure formation even in the classical big bang cosmology.

*2 To be precise, the constraint on the string tension depends on the model of string evolution.

detectors [19] such as eLISA [23], DECIGO [24], and BBO [25] as well as the ongoing pulsar timing arrays (PTAs) [26, 27]. In PTAs, GWs can be detected through the modulation of arrival of pulses from the millisecond pulsars (MSPs) due to the change of the distance between the Earth and MSPs caused by the GWB.

While the PTAs have not detected the signatures of strings thus far, they have obtained stringent constraints on the cosmic string tension [26, 27]. In particular, the European Pulsar Timing Array (EPTA) has recently reported the most stringent constraint, Gμ < 10^{−9} [27], though it depends on some assumptions regarding string loop formation and GW emission^{*3} Therefore, if we believe this constraint, we cannot hope to detect the signature of cosmic strings in the CMB.

In this paper, we reconsider the formation mechanism of cosmic strings and propose a new scenario which does not contradict with the present GW observations while accommodating large enough Gμ to be detectable in the CMB. If they are sufficiently dilute, the loop formation is reduced and hence the amplitude of GWs is suppressed. This can be realized if the phase transition takes place during inflation as proposed in several literatures [3, 30–35]. While previous proposals assumed nontrivial interactions between the string-forming Higgs field and the inflaton field [31–33] or gravity [3, 34], we here point out that the F-term inflation in supergravity can naturally realize a phase transition during inflation thanks to the Hubble induced mass [36], as studied in Refs. [37, 38]. To be concrete, we construct a model that generates cosmic stings during chaotic inflation [39] in supergravity [40]. In this model, the separation of infinite strings is expanded so large that they cannot make loops until long after inflation and hence they enter the scaling regime at a later epoch, for example, around the time of matter-radiation equality. Since sources of GWs do not exist at early times, we can evade the PTA constraint on the GWB.

The rest of this paper is organized as follows. In section II, we briefly review the GWs emitted by cosmic string loops and see the current limit from observation using MSPs. In section III, we propose a new scenario for the generation and evolution of cosmic strings

*3 Recently, Ref. [28] claims a mild and conservative constraint, Gμ < 5 × 10^{−7}, for a certain size of the cosmic string loops, which is disfavored by recent numerical simulations [22]. For the size of cosmic string loop favored in Ref. [22], Ref. [28] gives a more stringent constraint Gμ < 10^{−10}. Although the size of cosmic string loops is still a matter of debate [29], we here focus on the case where the loop length is large as suggested in Ref. [22] and explore a way to evade the PTA constraints.

which is consist with current observations and discuss the possibility of their detection in the future. In section IV, we construct a model realizing such a scenario, and consider how to determine the parameters of our model. Section V is devoted to discussion.

II. GRAVITATIONAL WAVES FROM STRING LOOPS AND PTA LIMIT

Here we review the gravitational wave emission from cosmic string loops. In order to estimate the GWB today, first we have to know the size distribution of loops at a given time. Without any intersection and reconnection, the energy density of long string network would fall in proportion to a^{−2}. Actually, however, these processes frequently occur on cosmic time scales to transfer a part of the network’s energy to loops which decay by radiating gravitational waves if the number density of long strings is large enough. As a result, the system relaxes to a scaling solution and the energy density of long strings decreases in proportion to d^{−2}_H = H^2. In terms of the characteristic length of the strings, ξ = γd_H = γH^{−1}, where γ is a numerical coefficient, we can express the energy density of long strings as ρ = ξμ ξ^3 = μ ξ^2

. (1) The coefficient γ is obtained by numerical simulation. Recent simulation suggests γ = 0.15 in the radiation dominant era, and γ = 0.17 in the matter dominant era [22].

Now let us determine the loop distribution function n(t, ℓ), which represents the number density of loops with size ℓ at time t. At the moment of loop formation (t = t_g), its size is proportional to the horizon size. We can take the initial length as αt_g with α a constant. The length of a loop becomes smaller with time due to the loss of energy by gravitational wave emission. The energy transferred from a loop into gravitational waves per unit time is expressed as ΓGμ^2, where Γ is a constant around 50 [21]. Thus, the length of a loop at time t generated at t_g can be written as ℓ = αt_g − ΓGμ(t − t_g) . (2) In other words, loops with size ℓ at time t were formed at

t_g = ℓ + ΓGμt α + ΓGμ , (3) while those with size ℓ + dℓ at time t were formed at

t_g + dt_g = ℓ + dℓ + ΓGμt α + ΓGμ . (4)

In the flat FRW universe dominated by a perfect fluid with its equation of state given by P = wρ, the scale factor evolves as a ∝ t^{23(1+w)} , and the Hubble parameter is given by H = 2 3(1 + w)t

. Taking these facts into account, we obtain the following functional form.

n(t, ℓ) = 8(1 + 3w) 27(1 + w)^3γ^2t^3_g × 1 α(ℓ + ΓGμt) × ( a(t_g) a(t) )_3

≈ 10(α + ΓGμ)^3 α(ℓ + ΓGμt)^4 × ( a(t_g) a(t) )_3 . (5)

The last approximation is valid for loops which were generated in both the radiation- (w = 1/3) and matter-dominated (w = 0) regimes.

Now we briefly summarize the formulation to estimate the energy density of GWB. This was originally done by Damour and Vilenkin [15], and some improvements were proposed in Ref. [18], whose notation we follow. Taking the effect of cusps into account, the Fourier mode of amplitude, h, of gravitational radiation emitted by a loop with length ℓ at redshift z is given by h(f, z, ℓ) = GμH_0 ℓ^23 (1 + z)^13 φ_r(z)

|f|^{− 43} Θ[1 − θ_m(f, z, ℓ)] . (6)

Here φ_r(z) represents the comoving distance to the loop defined as r = 1 H_0 ∫_z 0 dz^′ √ Ω_Λ + Ω_{m,0}(1 + z)^3 + Ω_{r,0}(1 + z)^4 ≡ 1 H_0 φ_r(z) , (7)

and θ_m is defined by θ_m ≡ (_{(1+z)fℓ} 2 )_− 1_3

. The argument of the Heaviside function Θ corresponds to the lowest frequency of loop oscillation. The energy density of GWB is obtained by integrating the contribution from various loops,

Ω_{GW}(f) =

4π^2 3H^2_0 f^3 ∫ dz ∫ dl h^2(f, z, ℓ) d^2R(z, ℓ) dzdℓ = 4π^2 3H^2_0 f^3 ∫ dz ∫ dh h^2 d^2R(z, h) dzdh . (8)

Here d^2R(z, ℓ) dzdℓ is the observable burst rate per length per redshift d^2R(z, ℓ) dzdℓ = 1 H^3_0 φ_V (z) 1 1 + z 2n (t(z), ℓ) ℓ θ^2_m(f, z, ℓ) 4 Θ[1 − θ_m(f, z, ℓ)] , (9) where H^{−3}_0 φ_V (z)dz represents the spatial volume corresponding to z ∼ z + dz. Its detailed derivation is found in Ref. [18].

Next, let us consider the observational constraint on the GWB. Currently the strongest limit comes from the Pulsar Timing Array (PTA) experiment, which aims at the detection of the GWB using MSPs. (Detailed explanation and current status is found in Ref. [27].) This experiment has sensitivity at f = 10^{−9} ∼ 10^{−7}Hz, which is determined by the duration of the observation. At this very low frequency, considering the effect of cusps, one can conclude that the GWB spectrum of the energy density, Ω_{GW} = 1 ρ_{cr} dρ_{GW} d log f

, is proportional to f^{− 1}3 , coming from loops which are generated during the matter-dominated era.

According to Ref. [27] the latest limit is

Ω_{GW}(f = 1yr^{−1})h^2 ≤

10^{−8.4}(2σ), 10^{−9.0}(1σ).

(10)

This has been translated to the upper limit on the line density of cosmic string as [27],

Gμ ≤ 4.0 × 10^{−9} . (11)

Note that this constraint has been obtained using the method of Damour and Vikenkin [15] taking α > ΓGμ and incorporating all the relevant modes.^{*4} On the other hand, analysis based on the EPTA data has been done in Ref. [28] incorporating possible variations of cosmic string properties. They reported the most conservative constraint on the cosmic string tension as Gμ < 5.3 × 10^{−7} (12) which is obtained in the case of α taking a small value, α ≃ 10^{−5}, and assuming the effect of cusps is neglegible. However, recent studies [15–18] emphasize that the effect of cusps, which emit higher mode waves, is unignorable. Moreover, recent simulations [22] indicate that the typical value of α is much larger than 10^{−5}. If we take the effect of cusps into account and assume α ≃ 0.1 as in Ref. [28] the constraint of the cosmic string tension turns out to be much more severe, Gμ < 10^{−10}. Here we propose a method by which the EPTA constraint can be evaded even in the case where α is not small and when the effect of cusps are taken into account.

*4 The formalism developed in Ref. [18] would yield a slightly more stringent constraint on the line density.

This turns to be possible by considering a different mechanism of string formation. Since the dominant contribution to Ω_{GW}(f = 1yr^{−1}) in the standard scenario comes from the loops which were generated during late radiation and early matter-dominated eras, we can evade the PTA constraint if the number density of such loops can be reduced. In this case, we can explain the PTA constraint without setting Gμ to be small.

III. A NEW SCENARIO OF STRING FORMATION

In the standard cosmic string scenario, where strings are formed by spontaneous symmetry breaking after reheating or at the end of hybrid inflation [41, 42], the string network soon relaxes to the scaling solution and it is impossible to reduce the number of small loops relevant to the PTA constraint. However, the number of loops can be reduced in a scenario where cosmic strings are formed not after inflation but during inflation. This type of scenario was also studied by one of us in a different context [3].

Let us see the detail of this scenario. Since the mean separation of strings becomes larger and larger as inflation proceeds, they have to wait for a long time to cross. Strings can neither intersect with each other nor form loops until their mean separation falls well below the horizon distance. In this scenario, we can remove the sources of the GWB (cosmic string loops) at early times, so we can satisfy the observational constraints imposed by GWB with a relatively big value of Gμ.

We calculate Ω_{GW} in such a scenario where loops start to form only after the time t_{sc}, when strings begin to satisfy the scaling law. Although some loops may have been formed before t_{sc}, such loops would be rare and hence we here evaluate the GWB spectrum assuming that they are negligible and the GW emission starts at t_{sc} suddenly.

The calculation can be done as follows. We perform z integral in Eq. (8) to z_{sc}, which corresponds to the redshift of t_{sc}. The relation between cosmic time t and z is given by t = 1 H_0 ∫_∞ z dz^′ (1 + z^′) √ Ω_{Λ0} + (1 + z^′)^3Ω_{m0} + (1 + z^′)^4Ω_{r0} ≡ 1 H_0 φ_t(z), (13) z = φ_z(H_0t) (the inverse function of φ_t(z)). (14)

Some modifications are needed in the h integral in Eq. (8) . Shortly after t_{sc}, at time t_1, the minimum loop size is ℓ_1 ≡ αt_{sc} − ΓGμ(t_1 − t_{sc}) since very small loops are absent. Besides, the Θ-function means that only the strings with ℓ >^2_{f(1+z)} ≡ ℓ_2 contribute to the GWB.

Therefore the h integral runs not from 0 but form max(h_1, h_2), where h_1 and h_2 correspond to the amplitude of GWs emitted from the strings with the length ℓ_1 and ℓ_2, respectively. The upper limit of h corresponds to the maximum loop size. Although the authors of Ref. [17] insist that one can remove the contribution from rare bursts by introducing the cutoff in the h integral, the value of the cutoff is ambiguous. Therefore we do not introduce it and include “all bursts”.

Figure 1 shows the density parameter of GWBs from cosmic strings at the frequency f = 1 year^{−1} as a function of z_{sc} for various values of α. We can read off the condition z_{sc} ≃ 1 − 10^3 should satisfy for each value of α and Gμ to be consistent with the PTA observation. Figure 2 shows the maximum z_{sc} (or the earliest time for strings to start forming loops) in order not to contradict with the PTA data for α = 10^{−1}. We find an approximate formula for z_{sc}, which evades the PTA limit as

z_{sc} <∼ 3 × 10^3 ( Gμ 10^{−8} )_{−0.94} . (15)

Therefore, we still have the opportunity to detect features of cosmic string using the future CMB observations with small enough z_{sc} since strings with Gμ <∼ 10^{−7} are allowed if loop formation is delayed.

IV. COSMIC STRINGS AND INFLATION IN SUPERGRAVITY

We present a new mechanism to realize the above scenario in supergravity. While the previous models introduced a nonminimal coupling of the scalar curvature to the stringforming scalar field [3, 34] or direct coupling with the inflaton [31–33], our model does not require any additional interactions, since it is automatically provided by gravitationally suppressed interaction arising from supergravity.

The F-term potential in supergravity is written as

V = e^{KM}G^2 [ (D_iW )K^{ij −1}(D_jW )^∗ − 3 M^2_G |W |^2 ] , (16)

where K is the Kähler potential and W is the superpotential. Here we have defined K^{ij} = ∂^2K ∂ϕ_i∂ϕ^∗_j , (17) D_iW = ∂W ∂ϕ_i + 1 M^2_G ∂K ∂ϕ_i W , (18)

FIG. 1: Energy density of GWB at f = 1year^{−1}, Ω_{GW}, as a function of z_{sc}, the redshift at the onset of the scaling solution for various values of α. The horizontal line shows the upper bound imposed by the PTA observation.

FIG. 2: The maximum z_{sc} that can evade the PTA constraint as a function of Gμ for α = 10^{−1}.

and M_G = 1/ √ 8πG is the reduced Planck mass. During the standard slow-roll inflation, the energy density ρ is dominated by the potential energy, so the Friedmann equation reads 3H^2M^2_G = ρ ∼= V . For K ≪ M^2_G we find

3M^2_GH^2 ∼= V ∼= (D_iW )K^{ij−1}(D_jW )^∗ − 3 M^2_G

|W |^2 (19)

in F-term inflation. Since the kinetic terms of the scalar fields are given by −K^{ij} ∂_μϕ_i∂^μϕ^∗_j , the minimal model assumes K = |ϕ_i|^2 which yields canonical kinetic terms. Here we can expand the exponential factor after canonical normalization and diagonalization,

e^{KM}G^2 = 1 + ϕ_iϕ^{i∗} M^2_G

+ · · · . (20)

Therefore, the scalar potential V contains the term 3H^2ϕ_iϕ^{i∗}. This means that the field ϕ_i receives an additional Hubble-scale mass, which is called the Hubble-induced mass^{*5}. If the Hubble parameter is large enough at the beginning of inflation, these fields fall down to the origin quickly and the symmetry is restored during inflation. Moreover, in inflation models in

*5 The inflaton should not acquire the Hubble induced mass; otherwise the slow-roll condition cannot be satisfied. In order to realize inflation, one must assume shift symmetry [40] or adopt contrived models [43].

ϕ X s ψ ψ̄ U(1)_S 0 0 0 +1 −1 R 0 +2 +2 0 0 Z_2 −1 −1 0 0 0

TABLE I: Charge assignments on superfields in the model under the U(1)_S symmetry, the Rsymmetry, and Z_2-symmetry.

which the Hubble parameter changes gradually during inflation, such as the chaotic inflation model [39], it is possible for the phase transition to take place during inflation. Here we adopt the following superpotential,

W = W_I + W_S , (21) W_I = MϕX, (22) W_S = m^2s − λsψψ̄, (23) and the Kähler potential K = 1 2 (ϕ + ϕ^∗)^2 + |s|^2 + |X|^2 + |ψ|^2 + |ψ̄|^2 , (24)

to realize chaotic inflation, where W_I and W_S are superpotentials of the inflation sector and the string sector, respectively. Here ϕ is the inflaton, X is an additional singlet, ψ and ψ̄ are the symmetry-breaking Higgs fields that break U(1)_S symmetry, s is a singlet which destabilizes the Higgs field at the origin, M is the inflaton mass, m is the symmetry breaking scale, and λ is a coupling constant. Note that we impose R-symmetry and discrete Z_2 symmetry in order to suppress all other unwanted interactions such as Xϕ^2, sϕ, and so on^{*6}. Charge assignments on the fields are shown in Table I.

This model can realize chaotic inflation naturally thanks to the shift symmetry, ϕ → ϕ+c with c being a real parameter, along the imaginary part of ϕ which plays the role of the

*6 Note that the term ϵsϕ^2 in the superpotential cannot be forbidden by these symmetries but it breaks the shift symmetry of ϕ. Since we can expect that the inflaton mass M arises as an order parameter of the shift symmetry breaking, the coupling constant ϵ should be suppressed enough, say ϵ ∼ M^2 ∼ 10^{−10} in Planck units. Thus, the following discussion does not change.

inflaton [40]. Setting ϕ =^{1√}_2 (χ + iφ), the potential for these fields is

V = e^{KM}G^2 [ (D_iW )K^{ij−1}(D_jW )^∗ − 3 M^2_G |W |^2 ]

= exp [ 1 M^2_G ( χ^2 + |X|^2 + |s|^2 + |ψ|^2 + |ψ̄|^2 ) ]

× [ 1 2 M^2(χ^2 + φ^2) + M^2|X|^2 + m^4 − λm^2(ψψ̄ + ψ^∗ψ̄^∗)

+λ^2|ψ|^2|ψ̄|^2 + λ^2|s|^2|ψ̄|^2 + λ^2|s|^2|ψ|^2 + 1 M^2_G {( 3 2 M^2χ^2 − 1 2 M^2φ^2 ) |X|^2 + · · · }] . (25)

Note that we do not have to consider all of these terms because the fields χ, s, X, ψ, and ψ̄ have very steep potential due to the factor e^{KM}G^2 at the field values larger than M_G. This means they cannot have field values much bigger than M_G. Since χ and s have larger masses than the Hubble parameter, they are practically fixed at the origin during inflation. Although X has a mass of the order of the inflaton mass, its contribution to the total potential energy (or the dynamics of inflation) and the density fluctuation are negligible due to its much smaller field value than the inflaton. Since only the inflaton φ can have a value much larger than M_G, this model reduces to a simple chaotic inflation model, V = M^2φ^2/2.

Now we investigate the phase transition during inflation. Diagonizing the mass matrix of ψ and ψ̄, we obtain the following canonically normalized fields:

ψ_1 = 1 √ 2 (ψ + ψ^∗) ,

ψ_2 = 1 √ 2 (ψ − ψ^∗) . (26)

The relevant terms that control the dynamics of the phase transition during inflation are V = 1 2 M^2φ^2 + [ 1 M^2_G (1 2 M^2φ^2 + m^4 ) − λm^2 ] |ψ_1|^2 + λ^2 4 |ψ_1|^4 ≈ 1 2 M^2φ^2 + ( 3H^2 − λm^2 ) |ψ_1|^2 + λ^2 4 |ψ_1|^4 . (27)

The first term is the potential for the inflaton. The mass term of ψ_1 changes its sign from positive to negative during inflation at H^2 = λm^2/3. As a result, ψ_1 may be destabilized and the U(1)_S symmetry is spontaneously broken during inflation, while ψ_2 has always positive mass squared.

Our model contains the parameters λ, m, and M. M is related to the primordial power spectrum of curvature fluctuations via

Δ^2_R(k) = 1 24π^2 V M^4_G 1 ϵ | | | |_{k=aH} ≈ 1 6π^2

M^2 M^2_G

N^2, (28)

with N ≃ 55 being the number of e-folds when observable scales exit the horizon. The observed value Δ^2_R(k) = 2.4 × 10^{−9}[44] determines the inflaton mass to be M ∼= 10^{13}GeV. We assume λ is of order of unity and m is much smaller than M_G.

The line energy density of cosmic strings is related to the vacuum expectation value of the string-generating field as^{*7}

μ ∼= 2π⟨ψ_1^2⟩ = 4π m^2 λ . (29)

Therefore one can determine the value of m^2/λ by fixing Gμ.

The crucial issue is whether strings with Gμ ≥ 10^{−8}, whose tension is large enough to be detectable by CMB observations [9], can be produced with appropriate density so that they can evade the PTA constraint but are observable using CMB. It is therefore important to study when the phase transition takes place to clarify the mean separation and the correlation length of the string network.

In our scenario, the phase transition is triggered by quantum fluctuation during inflation rather than thermal fluctuations and we can make use of the results of [3, 32, 35, 38] to analyze its properties. Calculations based on the stochastic inlfation method [45, 46] show that the phase of the string-forming field ψ_1 is fixed when the classical potential force surpasses the effect of stochastic quantum fluctuations [35]. This occurs ΔN = √ c/2 e- folds after ψ_1 = 0 has become classically unstable with 3H^2 = λm^2 where c ≡ λm^2/M^2 [35, 38]. The number of e-folds from this epoch to the end of inflation is given by

N_D = 1 2 (c − √ 2c − 1) , (30)

which gives the extra dilution which is absent in the case where phase transitions occur after or without inflation. The Hubble parameter at this epoch, which we denote with a suffix f, is given by H_f = ( c 3 − √ 2c 3 )_{1/2} M. (31)

*7 To be precise, one should treat the coefficient as a function depending on λ, rather than as a constant, 2π. However within the range of interesting values of λ in our model, we can approximate this coefficient as 2π[42].

The typical separation between strings at this epoch can be estimated as in [3, 32]. First, choose an arbitrary point x_0 with an arbitrary field value of ψ_1(x_0). One can always perform a gauge transformation to make this real: ψ_1(x_0) ≡ ψ_{1R}(x_0) + iψ_{1I} (x_0) = ψ_{1R}(x_0). Then, since a string is a locus of ψ_{1R}(x) = ψ_{1I} (x) = 0, the nearby string segment can be found by searching for a point (in fact, a line) with ψ_{1R}(x) = 0 on the surface of ψ_{1I} (x) = 0. To the lowest-order Taylor expansion, the condition for a string to exist within a distance r from the point x_0 is given by r|e_I × ∇ψ_{1R}(x_0)| > |ψ_{1R}(x_0)|, (32) where e_I ≡ ∇ψ_{1I} (x_0)/|∇ψ_{1I} (x_0)| is the unit normal vector to the surface ψ_{1I} = 0. Since ψ_{1R}(x_0) and ∇ψ_{1R}(x_0) are statistically independent, almost Gaussian variables, one can express the probability for the inequality to be satisfied at a distance r, P (r), in terms of the variances ⟨ψ^2_{1R}⟩ ≡ σ^2 and ⟨(∇ψ_{1I} )^2⟩/3 = ⟨(∂_xψ_{1I} )^2⟩ ≡ σ^2_g′ , which will be evaluated later. Without loss of generality one can take z-axis along e_I . Then writing ∇ψ_{1R} ≡ (u_x, u_y, u_z), P (r) is given by

P (r) = ∫ r^2(u^2_x+u^2_y )>ψ^2_{1R} P (ψ_{1R}, u_x, u_y, u_z)dψ_{1R}d^3u

= 1 (2π)^2σσ^3_g′ ∫ exp ( − ψ^2_{1R} 2σ^2 − u^2_x + u^2_y + u^2_z 2σ^2_g′ ) dψ_{1R}d^3u (33) = σ_g′ r (σ^2 + σ^2_g′ r^2)^{1/2} , where P (ψ_{1R}, u_x, u_y, u_z) is the one-point probability distribution function of ψ_{1R} and ∇ψ_{1R}. Thus the typical distance to reach a string, which also gives an estimate of the mean separation of strings, is given by r ≃ σ/σ_g′ .

Next we calculate the variances at t = t_f , which is obtained from the power spectrum of ψ_1 [38]

P_{ψ1} = |ψ_{1k}(t_f )|^2 ≃

H^2(t_k) 2k^3 ( S(t_k) S(t_f ) ) exp − 9 2M^2 ( H(t_k) − 2M 3 √ c − 1 2 )_2 + (2 − √ 3)^2c 4 , (34) where S(t) ≡ ( λm^2 − M^2 2 − 3H^2(t) 4 )_{1/2} , (35) and t_k is the epoch when the comoving mode k exits the horizon. We can evaluate the ratio of the variances as

σ^2 σ^2_g′ = ∫ |ψ_{1k}(t_f )|^{2 d3k}_{(2π)3} ∫_{k2} 3 |ψ_{1k}(t_f )|^{2 d3k}_{(2π)3} ≡ ( r̃(c) H_f )_2

≃ 15 √ 2π(x_f − x_d) exp [ 15 2 (x_f − x_d)^2 + c 5 − √ 2c + 2 5 ] 1 H^2_f

(36)

where x_d ≡ 2 5 ( c − 1 2 )_{1/2} , x_f ≡ ( c 3 − √ 2c 3 )_{1/2} . (37)

Now we get the typical separation of strings. In addition to the expression (36), we also numerically evaluate r̃(c) as a function of c and get r̃(c) ≃ 400 at c = 100.

After the initial configuration of the string network is determined at t_f during inflation, the typical separation simply scales as the scale factor until it falls below the Hubble radius. At redshift z, it reads d(z) = re^{ND} a_R a_{end} a_{eq} a_R a(z) a_{eq}

= 3 × 10^{18} r̃(c) x_f (c) exp [ 1 2 (c − √ 2c − 1) ] 1 z + 1 ( T_R 10^6GeV

)_− 1_3 GeV^{−1}, (38)

where the suffixes end, R, and eq represent the epochs of the end of inflation, reheating and radiation-matter equality, respectively. If we assume the network enters the scaling regime immediately after the string separation becomes smaller than the characteristic length of a scaling network d(z) <∼ ξ(z), where,

ξ(z) = γd_H = γH^{−1} = γ × 7 × 10^{41} √ Ω_{Λ0} + Ω_{m0}(1 + z)^3 + Ω_{r0}(1 + z)^4

GeV^{−1}, (39)

then we can get a relation between the model parameres and z_{sc} by equating (38) and (39) to determine the region of the parameter space where traces of cosmic strings are detectable by future CMB observations without conflicting with the PTA constraints. Figure 3 shows allowed region of the model parameters where the redshift at the onset of the scaling regime has been obtained from an equality

d(z_{sc})/ξ(z_{sc}) = 1. (40)

We must admit, however, that this estimate has some uncertainty. Unlike in the standard scenario where the string network approaches the scaling solution as the string density decreases, in the present case it is reached as the number of long strings per the Hubble volume increases to the scaling value. To our knowledge, such a situation has not been numerically simulated, and it is an open issue when the system relaxes to the scaling solution. Fortunately, however, there exists a finite section of parameter space where all the requirements are met, even if we change our criterion of the epoch when the scaling law is achieved.

Indeed, if we assume the scaling is achieved when an equality d(z_{sc})/ξ(z_{sc}) = K is satisfied, we find that the two vertical lines and the oblique line representing the gravitational-wave constraint in Figure 3 shift to the right by 2 100 ( √ 2c √ 2c − 1 c − √ 2c c − √ 2c − 1 ) log K (41)

≃ 2.2 × 10^{−2} log K (at c = 100) so that the shape and the size of the allowed region remain intact. Note that the parameter K can also accommodate possible variation of the initial string separation, too. Therefore, we conclude that there are certainly interestingly large parameter space where signatures of the cosmic strings are detectable by the future CMB observation evading the PTA constraints.

We have shown in Figure 3 the parameter corresponding to z_{sc} = 1100 and d(z = 0) = H^{−1}_0 which means there would be only one string inside our present horizon. We find m should be about 10^{14}GeV, and so use m_{14} ≡ m/10^{14}GeV. Therefore c becomes 100λm^2_{14}. The horizontal axis is related to the time when strings start to scale and produce loops. According to the results of the previous section, an upper limit is imposed on z_{sc} in order not to contradict the MSP observation. This upper limit on z_{sc} yields a lower limit on λm^2_{14}. The value of Gμ is proportional to the value of vertical axis.

V. DISCUSSION

In this paper, we have studied a new mechanism to evade the PTA constraints on the cosmic string tension. We have found that the PTA constraints can be evaded if the loop formation starts at a later epoch, say, z <∼ 10^4, depending on the value of α and the tension of the cosmic strings. We have also shown that this scenario can be realized if the phase transition and string formation take place during inflation. As a specific example, we have shown there is a finite region of parameter space where we can expect to detect the signatures of cosmic strings through CMB observations while accommodating the PTA constraints in the F-term chaotic inflation model in supergravity [40].

FIG. 3: The allowed parameter region of this model is shown. In the blue-painted region, the network of strings starts to produce loops so early that the gravitational waves emitted by them contradict observations. Though determining this region requires more statistical analysis of bursts and a more realistic treatment of α, we emphasize that some region remains allowed. The most interesting region, which represents the case strings in which can not only evade the PTA constraint but also contribute to the anisotropy of the CMB as much as ordinary strings do. The white region corresponds to the case where strings are observable through the CMB but at densities smaller than in the conventional scenario. As a recent constraint on Gμ, we used the value obtained in [7]. According to [9], strings with Gμ < 7 × 10^{−9} are not observable.

As seen in Figure 1, the value of α is very important to determine the constraint on z_{sc}. Recent simulation [22] indicates that loops are formed with various sizes ranging from α ≃ 10^{−1} to α < 10^{−5} in the standard scenario. In our scenario, however, the mean separation of cosmic strings is much larger than the horizon initially, so it is expected that larger loops are produced more frequently than in the ordinary scenario. In addition, inflation also erases small-scale fluctuations on long strings. Hence strings do not develop small-scale structure and the correlation length remains of the order of the Hubble radius for some time, even after z_{sc}. As a result, we expect α to take a relatively large value, α ∼ 10^{−1}, at the onset of the scaling regime.

Though we assume that the cosmic string network enters the scaling regime when the mean separation of cosmic strings becomes comparable to the characteristic length of the scaling network, the time of the onset of the scaling regime is still ambiguous. However, we can expect that the earliest candidate for the onset of the scaling regime is when the smallest scale of the cosmic strings, (a(z)/a_f )H^{−1}_f , becomes comparable to the characteristc length of the scaling network ξ(z). We confirmed that, even in this case, there is a finite but interesting parameter space. Therefore, we conclude that there is certainly a region of parameter space where we can expect to detect the signatures of cosmic strings by future CMB observations.

In our scenario, the effect of the CMB may need to be reconsidered. If inflation did not last so long after strings were formed, stings start to satisfy the scaling rule at an earlier epoch. As a consequence, their separation would already become smaller than the horizon at the recombination. Then there would be as many strings as in the standard scenario near the last scattering surface of the CMB photons. The effect on the CMB would be the same as that has already been analyzed in the literature [47]. On the other hand, if inflation lasted very long after strings had been formed, they could not start to scale until very late time. Therefore, their separation would be larger than the horizon at the recombination. In this case, their effect on the CMB would become smaller. For a quantitative understanding, numerical simulations of the string network with appropriate initial conditions are desired.

Acknowledgments

We would like to thank Christophe Ringeval and Matthew Lake for helpful comments. This work was partially supported by JSPS Grant-in-Aid for Scientific Research No. 23340058 (J.Y.), Grant-in-Aid for Scientific Research on Innovative Areas No. 21111006

(J.Y.), and Global COE Program “the Physical Sciences Frontier”, MEXT, Japan.

[1] A. Vilenkin and E. P. S. Shellard, Cosmic Strings and Other Topological Defects, Cambridge University Press, Cambridge, England, 2000, M. B. Hindmarsh and T. W. B. Kibble; Cosmic strings Rept. Prog. Phys. 58, 477 (1995) [arXiv:hep-ph/9411342].

[2] T. W. B. Kibble, Topology of Cosmic Domains and Strings , J. Phys. A 9 (1976) 1387. [3] J. Yokoyama, Inflation Can Save Cosmic Strings , Phys. Rev. Lett. 63 (1989) 712. [4] T. W. B. Kibble, Evolution Of A System Of Cosmic Strings , Nucl. Phys. B 252, 227 (1985) [Erratum-ibid. B 261, 750 (1985)].

[5] A. Vilenkin, Cosmological Density Fluctuations Produced by Vacuum Strings, Phys. Rev. Lett.

46, 1169 (1981) [Erratum-ibid. 46, 1496 (1981)]; J. Silk and A. Vilenkin, Cosmic Strings And Galaxy Formation, Phys. Rev. Lett. 53, 1700 (1984); N. Turok, Grand Unified Strings and Galaxy Formation, Nucl. Phys. B 242, 520 (1984).

[6] J. Rocher and M. Sakellariadou, Supersymmetric grand unified theories and cosmology, JCAP 0503, 004 (2005) [hep-ph/0406120]. R. A. Battye, B. Garbrecht and A. Moss, Constraints on supersymmetric models of hybrid inflation, JCAP 0609, 007 (2006) [arXiv:astro-ph/0607339]; N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, Fitting Cosmic Microwave Background Data with Cosmic Strings and Inflation, Phys. Rev. Lett. 100, 021301 (2008) [arXiv:astro-ph/0702223]; N. Bevis, M. Hindmarsh, M. Kunz and J. Urrestilla, CMB polarization power spectra contributions from a network of cosmic strings, Phys. Rev. D76, 043005 (2007) [arXiv:0704.3800 [astro-ph]]; R. Battye, B. Garbrecht and A. Moss, Tight constraints on F- and D-term hybrid inflation scenarios, Phys. Rev. D 81, 123512 (2010) [arXiv:1001.0769 [astro-ph.CO]]. R. Battye and A. Moss, Updated constraints on the cosmic string tension, Phys. Rev. D82, 023521 (2010) [arXiv:1005.0479 [astro-ph.CO]]; J. Urrestilla, N. Bevis, M. Hindmarsh and M. Kunz, JCAP 1112, 021 (2011) [arXiv:1108.2730 [astro-ph.CO]]; C. Dvorkin, M. Wyman and W. Hu, Cosmic String constraints from WMAP and the South Pole Telescope, Phys. Rev. D 84, 123519 (2011) [arXiv:1109.4947 [astro-ph.CO]].

[7] J. Dunkley, R. Hlozek, J. Sievers, V. Acquaviva, P. A. R. Ade, P. Aguirre, M. Amiri and J. W. Appel et al., The Atacama Cosmology Telescope: Cosmological Parameters from the 2008 Power Spectra, Astrophys. J. 739, 52 (2011) [arXiv:1009.0866 [astro-ph.CO]];

L. Perivolaropoulos, The Rise and Fall of the Cosmic String Theory for Cosmological Perturbations, Nucl. Phys. Proc. Suppl. 148, 128 (2005) [arXiv:astro-ph/0501590].

[8] J. Urrestilla, P. Mukherjee, A. R. Liddle, N. Bevis, M. Hindmarsh and M. Kunz, Degeneracy between primordial tensor modes and cosmic strings in futu re CMB data from the Planck satellite, Phys. Rev. D 77, 123005 (2008) [arXiv:0803.2059 [astro-ph]]; N. Bevis, M. Hindmarsh, M. Kunz, J. Urrestilla, CMB power spectra from cosmic strings: predictions for the Planck satellite and beyond, Phys. Rev. D82, 065004 (2010). [arXiv:1005.2663 [astro-ph.CO]]; P. Mukherjee, J. Urrestilla, M. Kunz, A. R. Liddle, N. Bevis and M. Hindmarsh, Detecting and distinguishing topological defects in future data from the CMBPol satellite, Phys. Rev. D 83, 043003 (2011) [arXiv:1010.5662 [astro-ph.CO]]; A. Avgoustidis, E. J. Copeland, A. Moss, L. Pogosian, A. Pourtsidou and D. A. Steer, Constraints on the fundamental string coupling from B-mode experiments, Phys. Rev. Lett. 107, 121301 (2011) [arXiv:1105.6198 [astro-ph.CO]].

[9] S. Foreman, A. Moss and D. Scott, Predicted Constraints on Cosmic String Tension from Planck and Future CMB Polarization Measurements, Phys. Rev. D 84, 043522 (2011) [arXiv:1106.4018 [astro-ph.CO]].

[10] N. Kaiser and A. Stebbins, Microwave Anisotropy Due To Cosmic Strings, Nature 310, 391 (1984); J. R. Gott, III, Gravitational lensing effects of vacuum strings: Exact solutions, Astrophys. J. 288, 422 (1985).

[11] http://www.rssd.esa.int/index.php?project=Planck [12] [Planck Collaboration], Planck: The scientific programme, [arXiv:astro-ph/0604069]. [13] D. Baumann et al. [CMBPol Study Team Collaboration], CMBPol Mission Concept Study:

Probing Inflation with CMB Polarization, AIP Conf. Proc. 1141, 10 (2009) [arXiv:0811.3919 [astro-ph]].

[14] A. Vilenkin, Gravitational Radiation From Cosmic Strings, Phys. Lett. B 107, 47 (1981);

C. J. Hogan and M. J. Rees, Gravitational Interactions Of Cosmic Strings, Nature 311, 109 (1984); T. Vachaspati and A. Vilenkin, Gravitational Radiation from Cosmic Strings, Phys. Rev. D 31, 3052 (1985); R. H. Brandenberger, A. Albrecht and N. Turok, Gravitational Radiation From Cosmic Strings And The Microwave Background, Nucl. Phys. B 277, 605 (1986); F. S. Accetta and L. M. Krauss, The Stochastic Gravitational Wave Spectrum Resulting From Cosmic String Evolution, Nucl. Phys. B 319, 747 (1989); D. P. Bennett and F. R. Bouchet,

Constraints on the gravity wave background generated by cosmic strings, Phys. Rev. D 43, 2733 (1991); B. Allen and E. P. S. Shellard, Gravitational radiation from cosmic strings, Phys. Rev. D 45, 1898 (1992). R. R. Caldwell and B. Allen, Cosmological constraints on cosmic string gravitational radiation, Phys. Rev. D 45, 3447 (1992); R. R. Caldwell, R. A. Battye and E. P. S. Shellard, Relic gravitational waves from cosmic strings: Updated constraints and opportunities for detection, Phys. Rev. D 54, 7146 (1996) [astro-ph/9607130].

[15] T. Damour and A. Vilenkin, Gravitational wave bursts from cosmic strings, Phys. Rev. Lett.

85, 3761 (2000) [gr-qc/0004075]; T. Damour and A. Vilenkin, Gravitational wave bursts from cusps and kinks on cosmic strings, Phys. Rev. D 64, 064008 (2001) [arXiv:gr-qc/0104026]; T. Damour and A. Vilenkin, Gravitational radiation from cosmic (super)strings: Bursts, stochastic background, and observational windows, Phys. Rev. D 71, 063510 (2005) [arXiv:hep-th/0410222].

[16] X. Siemens, J. Creighton, I. Maor, S. Ray Majumder, K. Cannon and J. Read, Gravitational wave bursts from cosmic (super)strings: Quantitative analysis and constraints, Phys. Rev. D 73, 105001 (2006) [gr-qc/0603115]; C. J. Hogan, Gravitational Waves from Light Cosmic Strings: Backgrounds and Bursts with Large Loops, Phys. Rev. D 74, 043526 (2006) [astro-ph/0605567]; M. R. DePies and C. J. Hogan, Stochastic Gravitational Wave Background from Light Cosmic Strings, Phys. Rev. D 75, 125006 (2007) [astro-ph/0702335].

[17] X. Siemens, V. Mandic and J. Creighton, Gravitational wave stochastic background from cosmic (super)strings, Phys. Rev. Lett. 98, 111101 (2007) [arXiv:astro-ph/0610920].

[18] S. Olmez, V. Mandic and X. Siemens, Gravitational-Wave Stochastic Background from Kinks and Cusps on Cosmic Strings, Phys. Rev. D 81, 104028 (2010) [arXiv:1004.0890 [astroph.CO]].

[19] P. Binetruy, A. Bohe, C. Caprini and J. -F. Dufaux, Cosmological Backgrounds of Gravitational Waves and eLISA/NGO: Phase Transitions, Cosmic Strings and Other Sources, arXiv:1201.0983 [gr-qc].

[20] A. Albrecht, N. Turok, Evolution of Cosmic String Networks, Phys. Rev. D40, 973-1001 (1989); D. P. Bennett, F. R. Bouchet, High Resolution Simulations Of Cosmic String Evolution. 1. Network Evolution, Phys. Rev. D41, 2408 (1990); C. Ringeval, M. Sakellariadou, F. Bouchet, Cosmological evolution of cosmic string loops, JCAP 0702, 023 (2007). [astro-ph/0511646]; C. J. A. P. Martins, E. P. S. Shellard, Fractal properties and small-scale structure of cosmic string networks, Phys. Rev. D73, 043515 (2006). [astro-ph/0511792].

[21] B. Allen and E. P. S. Shellard, Gravitational radiation from cosmic strings, Phys. Rev. D 45, 1898 (1992).

[22] J. J. Blanco-Pillado, K. D. Olum and B. Shlaer, Large parallel cosmic string simulations: New results on loop production, Phys. Rev. D 83, 083514 (2011) [arXiv:1101.5173 [astro-ph.CO]].

[23] P. Amaro-Seoane, S. Aoudia, S. Babak, P. Binetruy, E. Berti, A. Bohe, C. Caprini and M. Colpi et al., eLISA: Astrophysics and cosmology in the millihertz regime, arXiv:1201.3621 [astroph.CO].

[24] N. Seto, S. Kawamura and T. Nakamura, Possibility of direct measurement of the acceleration of the universe using 0.1-Hz band laser interferometer gravitational wave antenna in space, Phys. Rev. Lett. 87, 221103 (2001) [arXiv:astro-ph/0108011]; S. Kawamura et al., The Japanese space gravitational wave antenna DECIGO, Class. Quant. Grav. 23, S125 (2006).

[25] S. Phinney et al., NASA Mission Concept Study.

[26] S. L. Detweiler, Pulsar timing measurements and the search for gravitational waves, Astrophys.

J. 234, 1100 (1979); F. A. Jenet, G. B. Hobbs, W. van Straten, R. N. Manchester, M. Bailes, J. P. W. Verbiest, R. T. Edwards and A. W. Hotan et al., Upper bounds on the low-frequency stochastic gravitational wave background from pulsar timing observations: Current limits and future prospects, Astrophys. J. 653, 1571 (2006) [astro-ph/0609013].

[27] R. van Haasteren et al., Placing limits on the stochastic gravitational-wave background using European Pulsar Timing Array data, arXiv:1103.0576 [astro-ph.CO].

[28] S. A. Sanidas, R. A. Battye and B. W. Stappers, Constraints on cosmic string tension imposed by the limit on the stochastic gravitational wave background from the European Pulsar Timing Array, arXiv:1201.2419 [astro-ph.CO].

[29] L. Lorenz, C. Ringeval and M. Sakellariadou, Cosmic string loop distribution on all length scales and at any redshift, JCAP 1010, 003 (2010) [arXiv:1006.0931 [astro-ph.CO]].

[30] G. Lazarides, Q. Shafi, Extended Structures At Intermediate Scales In An Inflationary Cosmology, Phys. Lett. B148, 35 (1984).

[31] Q. Shafi, A. Vilenkin, Spontaneously Broken Global Symmetries And Cosmology, Phys. Rev.

D29 (1984) 1870.

[32] E. T. Vishniac, K. A. Olive, D. Seckel, Cosmic Strings and Inflation, Nucl. Phys. B289 (1987) 717.

[33] L. A. Kofman, A. D. Linde, Generation of Density Perturbations in the Inflationary Cosmology, Nucl. Phys. B282 (1987) 555.

[34] J. Yokoyama, Natural Way Out Of The Conflict Between Cosmic Strings And Inflation, Phys.

Lett. B212 (1988) 273; Relic Magnetic Monopoles In The Inflationary Universe, Phys. Lett. B231 (1989) 49.

[35] M. Nagasawa and J. Yokoyama, Phase transitions triggered by quantum fluctuations in the inflationary universe, Nucl. Phys. B 370 (1992) 472.

[36] M. Dine, L. Randall, S. D. Thomas, Supersymmetry breaking in the early universe, Phys.

Rev. Lett. 75 398 (1995) [arXiv:hep-ph/9503303]; M. Dine, L. Randall and S. D. Thomas, Baryogenesis From Flat Directions Of The Supersymmetric Standard Model, Nucl. Phys. B 458, 291 (1996) [arXiv:hep-ph/9507453].

[37] K. Freese, T. Gherghetta, H. Umeda, Moduli inflation with large scale structure produced by topological defects, Phys. Rev. D54 (1996) 6083 [arXiv:hep-ph/9512211].

[38] K. Kamada, K. Nakayama and J. Yokoyama, Phase transition and monopole production in supergravity inflation, Phys. Rev. D 85 (2012)043503 [arXiv:1110.3904 [hep-ph]].

[39] A. D. Linde, Chaotic Inflation, Phys. Lett. B 129 (1983)177.

[40] M. Kawasaki, M. Yamaguchi and T. Yanagida, Natural chaotic inflation in supergravity, Phys.

Rev. Lett. 85 (2000) 3572 [arXiv:hep-ph/0004243]; M. Kawasaki, M. Yamaguchi, T. Yanagida, Natural chaotic inflation in supergravity and leptogenesis, Phys. Rev. D63 (2001) 103514. [arXiv:hep-ph/0011104].

[41] A. D. Linde, Axions in inflationary cosmology, Phys. Lett. B 259, 38 (1991); A. D. Linde, Hybrid inflation, Phys. Rev. D 49, 748 (1994) [arXiv:astro-ph/9307002]; E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, False vacuum inflation with Einstein gravity, Phys. Rev. D 49, 6410 (1994) [arXiv:astro-ph/9401011]; G. R. Dvali, Q. Shafi and R. K. Schaefer, Large scale structure and supersymmetric inflation without fine tuning, Phys. Rev. Lett. 73, 1886 (1994) [arXiv:hep-ph/9406319]; S. Dimopoulos, G. R. Dvali and R. Rattazzi, Dynamical inflation and unification scale on quantum moduli spaces, Phys. Lett. B 410, 119 (1997) [arXiv:hep-ph/9705348]; R. Jeannerot, J. Rocher and M. Sakellariadou, How generic is cosmic string formation in SUSY GUTs, Phys. Rev. D 68 (2003) 103514 [arXiv:hep-ph/0308134]; R. Jeannerot and M. Postma, Enlarging the parameter space of standard hybrid inflation, JCAP 0607, 012 (2006) [hep-th/0604216]; K. Nakayama, F. Takahashi and T. T. Yanagida, Constraint on the gravitino mass in hybrid inflation, JCAP 1012, 010 (2010) [arXiv:1007.5152 [hep-ph]]; K. Kamada, Y. Nakai and M. Sakai, Inflation in Gauge Mediation and Gravitino Dark Matter, Prog. Theor. Phys. 126, 35 (2011) [arXiv:1103.5097 [hep-ph]]; W. Buchmuller, V. Domcke and K. Schmitz, Spontaneous B-L Breaking as the Origin of the Hot Early Universe, arXiv:1202.6679 [hep-ph].

[42] R. Jeannerot and M. Postma, Confronting hybrid inflation in supergravity with CMB data, JHEP 0505, 071 (2005) [hep-ph/0503146].

[43] H. Murayama, H. Suzuki, T. Yanagida and J. Yokoyama, Chaotic inflation and baryogenesis in supergravity, Phys. Rev. D 50 (1994) 2356 [hep-ph/9311326].

[44] E. Komatsu et al. [WMAP Collaboration], Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological Interpretation, Astrophys. J. Suppl. 192, 18 (2011) [arXiv:1001.4538 [astro-ph.CO]].

[45] A. A. Starobinsky, Stochastic De Sitter (inflationary) Stage In The Early Universe, In De Vega, H.j. ( Ed.), Sanchez, N. ( Ed.): Field Theory, Quantum Gravity and Strings, Lecture Note in Physics 246(1986)107-126.

[46] A. A. Starobinsky and J. Yokoyama, Equilibrium state of a selfinteracting scalar field in the De Sitter background, Phys. Rev. D 50 (1994) 6357 [astro-ph/9407016].

[47] M. Hindmarsh, Small scale microwave background fluctuations from cosmic strings, Astrophys.

J. 431, 534 (1994) [arXiv:astro-ph/9307040]; M. Hindmarsh, C. Ringeval and T. Suyama, The CMB temperature bispectrum induced by cosmic strings, Phys. Rev. D 80, 083501 (2009) [arXiv:0908.0432 [astro-ph.CO]]; M. Hindmarsh, C. Ringeval and T. Suyama, The CMB temperature trispectrum of cosmic strings, Phys. Rev. D 81, 063505 (2010) [arXiv:0911.1241 [astroph.CO]].