arXiv:hep-th/0604216 v3 8 Nov 2006

Enlarging the parameter space of standard hybrid inflation

Rachel Jeannerot^{a ∗} and Marieke Postma^{b †}

a)Instituut-Lorentz for Theoretical Physics, Niels Bohrweg 2, 2333 CA Leiden, The Netherlands b)NIKHEF, Kruislaan 409, 1098 SJ Amsterdam, The Netherlands

Abstract

We show that the parameter space for F-term inflation which predict the formation of cosmic strings is larger than previously estimated. Firstly, because realistic embeddings in GUT theories alter the standard scenerio, making the inflationary potential less steep. Secondly, the strings which form at the end of inflation are not necessarily topologically stable down to low scales. In shifted and smooth inflation strings do not form at all. We also discuss D-term inflation; here the possibilities are much more limited to enlargen paramer space.

1 Introduction

Hybrid inflation is perhaps the best particle physics motivated model of inflation [1]. In the standard model for hybrid inflation in supersymmetric theories, inflation ends in a phase transition during which spontaneous symmetry breaking takes place [2, 3]. For D-term inflation [4] and the simplest F-term model, the symmetry which is broken at the end of inflation is a U(1) symmetry and cosmic strings form [5] according to the Kibble mechanism [6]. When standard hybrid inflation is embedded in a grand unified theory (GUT), the breaking taking place at the end of inflation is that of an intermediate symmetry group which must eventually break down to the standard model gauge group and which, requiring that inflation solves the monopole problem, must contain a U(1) factor [7]. The rank of this intermediate symmetry group is lowered at the end of inflation and, barring the formation of unwanted defects, cosmic strings generically form [5, 7, 8].

Cosmic strings can be both a blessing and a curse. A blessing because the observation of a cosmic string would be another mean to test hybrid inflation. A curse because non-observation constrains the parameters severely. The cosmic microwave background (CMB) power spectrum measured by WMAP points to a predominantly adiabatic perturbation spectrum, as produced in standard inflation [9]. The existence of the acoustic peaks excludes cosmic strings as the main source of perturbations, no more than a 10% contribution is allowed [10, 11]. The cosmic strings

∗E-mail:jeannerot@lorentz.leidenuniv.nl †E-mail:mpostma@nikhef.nl

formed at the end of hybrid inflation give a sub-dominant contribution only if the inflaton-Higgs coupling is much smaller than unity.

In standard F-term inflation the inflaton-Higgs coupling is bound to the range 10^{−6} − 10^{−2} [12, 13]. Hidden sector vacuum energy and/or moduli vacuum expectation values (VEV) destroy the successful inflationary prediction for the density perturbations, unless they are sufficiently small: ⟨z⟩ < 10^{−2}m_p and ⟨W_{hid}⟩ < TeVm^2_p. D-term inflation fares better with hidden sectors VEV — they are unconstrained — but the coupling constraint is worse [14]. Not only is the bound tighter (the strings which form at the end of inflation are BPS and BPS-strings have a larger tension), there is in addition an upper limit on the gauge coupling: g ≲ 10^{−2}. And although small Yukawa couplings are not unheard of in nature (think of the electron-Yukawa), no such thing can be said for the known gauge couplings.

In the literature on F-term hybrid inflation often a spectral index different from unity is claimed n_s − 1 ≈ 1/N_Q ≈ −0.02 with N_Q = 50 − 60 the number of e-folds of inflation; this estimate goes back to the original GUT Hybrid inflation paper [3]. Indeed, this estimate holds for large enough couplings, in the regime where the inflaton VEV during inflation is much larger than the critical VEV where some of the Higgs fields become tachyonic. However, in the small coupling regime allowed by the CMB data, the inflaton VEV during inflation is of the order of the critical VEV, and this approximation breaks down [15, 16, 17]. In this small coupling regime the spectral index close to a scale invariant Harrison-Zeldovich spectrum with n_s = 1. This is more than three sigma away from the latest WMAP data which strongly favors a red-tilted spectrum n_{s,W MAP} − 1 = 0.95 ± 0.015 − 0.019. Whereas small couplings can be shrugged off as merely an aestethic question, the absence of a spectral tilt can exclude hybrid inflation in its standard form if the WMAP results hold. We note however that for an appreciable tensor contribution r the best fit value for n_s = 0.98 [9]. Although the tensor perturbations from hybrid inflation are negligibly small, the cosmic string induced vector and tensor perturbations can be quite high [18]. This can in principle be tested using B-type polarization of the CMB.

In this paper we take a closer look at the parameter space for hybrid inflation. We discuss changes to standard hybrid inflation that can improve or even alleviate the CMB constraints due to the existence of cosmic strings. There are three different strategies:

• Lower the scale of symmetry breaking (SSB)

• The strings formed at the end of inflation are unstable

• No strings form at the end of inflation

This paper is organized as follows. In the next section we review standard F- and D-term inflation, and the bounds from cosmic string production. We discuss the one-loop contribution to the potential, and argue that in realistic GUTs it is smaller than previously thought. In section 3 we discuss the various possibilities to lower the symmetry breaking scale: adding terms to the super- or Kähler potential, adding couplings to other fields as in warm inflation, invoking the curvaton or inhomogeneous reheat scenario, and entertaining the possibility of varying constants. In Section 4 we show that the strings which form at the end of inflation are not necessarily stable; unstable strings do not contribute to CMB anisotropies. They may still contribute to the baryon asymmetry of the universe [19, 20]. In section 5 we review scenarios in which the gauge symmetry is already broken during inflation, and hence no defects form. Examples are smooth and shifted inflation. We conclude in section 6.

2 Standard hybrid inflation

In this section we review standard F- and D-term inflation. Cosmic strings form at the end of inflation. CMB data constrain the model parameters.

2.1 F-term inflation

The superpotential for standard hybrid inflation is [2, 3]

W_{inf} = κS(Φ̄Φ − M^2), (1)

with S a gauge singlet superfield, the slowly rolling inflaton field, and Φ, Φ̄ Higgs superfields in N -dimensional complex conjugate representations of a gauge group G. A suitable U(1) Rsymmetry under which W and S transform in the same way ensures the uniqueness of this superpotential at the renormalizable level. The symmetry breaking scale M and the singlet- Higgs coupling κ can be taken real without loss of generality.

Assuming chaotic initial conditions the fields get trapped in the inflationary valley of local minima at |S| > S_c = M and |Φ| = |Φ̄| = 0. The potential is dominated by a constant term V_0 = κ^2M^4 which drives inflation. Inflation ends when the inflaton drops below its critical value S_c (or when the second slow-roll parameter M equals unity, whatever happens first) and the fields roll toward the global SUSY preserving minima of the potential |Φ| = |Φ̄| = M and |S| = 0. During this phase transition G is broken to some subgroup H, and cosmic strings form [5, 7, 8]. Topological strings form if π_1(G/H) ≠ I and embedded strings form if π_1(G_{emb}/H_{emb}) ≠ I with G_{emb} ⊆ G and H_{emb} ⊆ H^1.

1Their stability of embedded strings is a dynamical question, see section 4.1.

The scalar potential including all corrections is [12, 17] V κ^2M^4

= 1 + κ^2N_l 32π^2 [ 2 ln ( κ^2M^2x^2 Λ^2 ) + (x^2 + 1)^2 ln(1 + x^{−2}) + (x^2 − 1)^2 ln(1 − x^{−2}) ]

+ 2x^4 ( M m_p

)_4

+ |a|^2x^2 ( M m_p

)_2 + A m_{3/2} M x, (2) with m_p = (8πG)^{−1/2} ≃ 2.44 × 10^{18} GeV the reduced Planck mass, N_l the number of fields contributing to the 1-loop correction, and Λ a cutoff scale. We used the notation x = |S|/M so that x → 1 at the critical point. The first term gives the tree-level superpotential contribution. The logarithmic terms are the 1-loop radiative corrections, given by the Coleman-Weinberg potential (see Eq. (5) below). We have assumed a minimal Kähler potential to calculate the supergravity correction — the terms on the second line of Eq. (2). The possible hidden sector is parameterized as ⟨z⟩ = am_p, ⟨W_{hid}(z)⟩ = m_{3/2}e^{− 1}2^{|a|2} m^2_p, with m_{3/2} the gravitino mass; the cosmological constant in the global minimum is set to zero by hand. Further we defined A = 4 cos(arg m_{3/2} − arg S), where we have assumed that arg S is constant during inflation. All sub-dominant terms are dropped. More details concerning the potential can be found in [12].

2.2 Coleman-Weinberg potential The scalar potential of SUSY hybrid inflation is flat at tree level. The flatness of the potential is lifted by the loop corrections which are non-zero during inflation because SUSY is broken [3], and by SUGRA corrections [12]. In the major part of the parameter space loop corrections dominate. In this section we calculate the loop corrections in the case of SUSY GUT hybrid inflation and we show that the dimension of the Higgs fields does not enter in the formula for any realistic model, as opposed to what it is found in the literature.

SUSY is spontaneously broken along the inflationary valley by a non zero F_S -term. This translates into a mass splitting between boson and fermion mass eigenstates in the Higgs multiplets. If the dimension of the Higgs representation N = 1 the mass spectrum is the following: There are two complex bosons with S dependent masses

m^2_± = (x^2 ± 1)(κM)^2 (3)

and two Weyl fermions with S dependent masses

m̃^2_± = x^2(κM)^2. (4)

If the representation of the Higgs fields is N -dimensional, there are N such split double pairs. As x → 1, N of the Higgs bosons becomes massless, which triggers the phase transition that ends inflation.

The mass spectrum can be calculated during the entire inflationary period, and the loop corrections are continuous [21]. They are given by the Coleman-Weinberg formula [22]:

V_{CW} = 1 64π^2 ∑ i (−)^{Fi} m^4_i ln m^2_i Λ^2

. (5)

where (−)^{Fi} shows that bosons and fermions make opposite contributions. With N mass splitted double pairs Eqs. (3, (4), we get V_{CM} κ^2M^4 = κ^2N_l 32π^2 [ 2 ln ( κ^2M^2x^2 Λ^2 ) + (x^2 + 1)^2 ln(1 + x^{−2}) + (x^2 − 1)^2 ln(1 − x^{−2}) ] (6) where N_l = N has been used in the literature. N can be very large, and the larger N_l, the smaller the parameter space for inflation allowed by the CMB data. For example in the case of SO(10) GUT, N = 16 or N = 126.

In a realistic model, however, we need more than the Φ and Φ̄ Higgs fields to do the full symmetry breaking of the GUT gauge group G_{GUT} down to the standard model gauge group G_{SM}. The Higgses Φ and Φ̄ lower the rank of G_{GUT} upon acquiring a VEV, i.e., they spontaneously break a diagonal generator of G_{GUT}, and they possibly break other non-diagonal generators of G_{GUT}. But in general they cannot do the full breaking of G_{GUT} down to G_{SM}^2. Any GUT model has to satisfy two additional constraints. Firstly, it must predict unification of the gauge coupling constants and hence there cannot be two many lights Higgs components which would spoil this. Secondly, some components of the Higgs multiplets contain color triplets which can mediate rapid proton decay, and they must acquire superheavy masses via couplings to other GUT Higgs fields.

Now the symmetry breaking taking place at the end of standard hybrid inflation cannot be the breaking of G_{GUT} but has to be the breaking of some subgroup H ⊂ G_{GUT} such that monopoles form before inflation. The GUT Higgs fields which break G_{GUT} down to H before inflation acquire GUT scale VEVs and can couple with Φ and Φ̄. This leads to superheavy (GUT scale) masses for N −N_l components of Φ and Φ̄. The N_l fields which remain light are the components of the fields contained in Φ and Φ̄ which break H. The heavy fields decouple and N appearing in Eq. (6) should be replaced by the number of light fields N_l. Indeed, the Coleman-Weinberg potential for N_l light and N − N_l heavy fields is V_{CW} = N_lV_1(x) + (N − N_l)V_1(x +^{mGUT}_{κM} ) with

V_1(x) = κ^2 32π^2 [ 2 ln

(κM)^2x^2 Λ^2

+ (1 + x^2)^2 ln(1 + x^{−2}) + (1 − x^2)^2 ln(1 − x^{−2}) ] . (7)

2The only GUT which strictly needs only the Φ and Φ̄ fields to do the symmetry breaking of GGUT down to GSM is Pati-Salam SU(4)c × SU(2)L × SU(2)R with Φ and Φ̄ in the (4, 2, 2) and (¯4, 2, 2) representation. However even in this case one must introduce extra GUT Higgs fields to give superheavy mass to some components of Φ and Φ̄ which mediate rapid proton decay [23].

where m_{GUT} is the mass of the superheavy components of Φ and Φ̄. Inflation ends when the slow roll parameter η ∝ V^{′′}_{CW} exceeds unity, which still happens in the limit x → 1 as some of the light bosonic fields become tachyonic. The SSB scale scales with V^′_{CW}, see Eqs. (16,18). For m_{GUT} ≫ κM V^′_{CW} ∼ N_lV^′_1 (x) + κM m_{GUT}

N_hV^′_1 (x) ≈ N_lV^′_1 (x), (8)

and it is only the number of light fields that enters in the determination of M.

In GUT models which predict massive neutrinos via the see-saw mechanism, and where B−L strings form at the end of inflation [24, 25], the symmetry breaking at the end of inflation can be H = G_{LR} = SU(3)_c ×SU(2)_L×SU(2)_R ×U(1)_{B−L} or H = SU(3)_c×SU(2)_L ×U(1)_R ×U(1)_{B−L}^3. If G_{LR} is the intermediate symmetry group, the only component of the Φ and Φ̄ fields which remain massless can either transform as an SU(2)_R doublet, and N_l = 2, or as an SU(2)_R triplet, and N_l = 3. We give an explicit example in the appendix how this is achieved. In the case of SO(10), N_l = 2 when N = 16 and N_l = 3 when N = 126.

2.3 D-term inflation

In D-term inflation the vacuum energy driving inflation originates from a D-term, to wit from a non-zero Fayet-Illiopoulos (FI) term ξ [4]. This is only possible for an Abelian theory. The superpotential and D-term potential are

W = κSΦ̄Φ (9) V_D = g^2 2 (ξ + |Φ̄|^2 − |Φ|^2)^2 (10)

The Higgs fields have opposite charges which we normalize to unity. Inflation takes place as the uncharged field |S| > S_c = (g/κ) √ ξ, and |Φ| = |Φ̄| = 0, and is driven by the vacuum energy V_0 = g^2ξ^2/2. Inflation ends with a U(1) breaking phase transition, in which the field approach their vacuum values |S| = |Φ̄| = 0, |Φ| = √ ξ. The strings which form at the end of D-inflation are BPS states. The theory can be coupled to gravity^4. Assuming minimal Kähler and gauge kinetic function, the potential is V g^2ξ^2/2

= 1 + g^2 16π^2 [ 2 ln ( g^2ξx^2 Λ^2 ) + (x^2 + 1)^2 ln(1 + x^{−2}) + (x^2 − 1)^2 ln(1 − x^{−2}) ] (11)

3In these model non-thermal leptogenesis takes place at the end of inflation; it is a competion between leptogenesis from reheating and from cosmic string decay [19, 20, 26].

4The U(1) that leaves invariant the FI term is a combination of the flat space U(1) and an R-symmetry. The consequent shift in charges gives only sub-dominant contribution to the potentials. We also note that extra singlets are needed for the theory to be anomaly free [27].

where we introduced the notation D), with z a canonically normalized moduli field. This will be di x = κ|S| g √ ξ e^{|S|2/(2m2p)}. (12)

The potential is a sum of the tree-level D-term potential (first term), and the radiatively induced Coleman-Weinberg potential (the logarithmic terms). The mass splitting between fermions and bosons responsible for the CW-potential is the same as in F-inflation Eqs. (3,4) after setting κM → g √ ξ and N → 1. The SUGRA correction is the exponential factor in the definition of x, which enters the CW-potential via the exponential corrections to the mass eigenstates^{5 6}. Since W_{infl} = 0 during inflation, a non-zero ⟨W_{hid}⟩ does not influence inflation. A non-zero moduli VEV with minimal Kähler can be incorporated by replacing |S|^2 → |S|^2 +|z|^2 in the exponential in Eq. (12), with z a canonically normalized moduli field. This will be discussed in more detail in section 3.1.

2.4 Density perturbations The contributions of cosmic strings and of the inflaton to the quadrupole temperature anisotropy add up independently [5] ( δT T ) = √( δT T )_2 inf + ( δT T )_2 cs , (13)

and should match the observed value (δT/T ) = 6.6 × 10^{−6} [9]^7.

The string induced perturbations are proportional to the string tension (δT/T )_{cs} = yGμ, with μ the tension and y parameterizes the density of the string network. Recent simulations predicts y = 9±2.5 [28], but values in the range y = 3−12 can be found in the literature [29, 30]. The string tension is [31]

μ = 2πM^2θ(β), with θ(β) = { 1 D−term ∼ 2.4 ln(2/β)^{−1} F −term

(14)

The function θ encodes the correction away from the BPS limit, and only applies to F-strings. Here β = (m_ϕ/m_A)^2 ≃ (κ/g_{GUT})^2 with GUT coupling g^2_{GUT} ≈ 4π/25. Requiring the nonadiabatic string contribution to the quadrupole to be less than 10% gives the bound [12]

Gμ < 2.3 × 10^{−7} ( 9 y ) ⇒ M < 2.3 × 10^{15} √ (9/y) θ(β) . (15)

5These corrections can be neglected in the F-term case where |S| ≪ mp during inflation. 6In D3/D7 inflation, which is a particular stringy version of D-term inflation, no exponential corrections will appear in the mass splitting [15].

7The tensor perturbations (δT /T )tens ∼ 10^{−2}H/mp are small, and are neglected

The inflaton contribution to the quadrapole is ( δT T ) inf = 1 12 √ 5πm^3_p

V^{3/2} V^′ | | | |_{σ=σQ} , (16)

with a prime denoting the derivative w.r.t. the real normalized inflaton field σ = √ 2|S|, and the subscript Q denoting the time observable scales leave the horizon, which happens N_Q ≈ 60 e-folds before the end of inflation. The number of e-foldings before the end of inflation is

N_Q = ∫_{σQ} σ_{end} 1 m^2_p V V^′ dσ (17)

with σ_{end} the inflaton VEV when inflation ends, which is the value for which the slow roll parameter η = m^2_p(V^{′′}/V ) becomes unity or the Higgs field mass becomes tachyonic, whichever happens first^8. The spectral index is n_s − 1 ≈ 2η. Finally, we note that the Hubble constant during inflation is H^2 =^V_{3m2p} .

2.5 Results We start with a discussion of F -term inflation; more details can be found in Ref. [12]. Normalizing the temperature anisotropy to the observed value gives the symmetry breaking scale M as a function of the inflaton-Higgs coupling κ. From Eq. (16) it follows

M^3 ∝ κ^{−3} V^′ M^3

. (18)

For couplings κ ≪ 1, x_Q ≈ x_{end} → 1 and V^′_{CW} /M^3 ∝ N κ^4. Hence, in the region where CWpotential dominates (putting back all constants of proportionality) M ≈ 2×10^{−2}(N κ)^{1/3}. When other terms in the potential dominate over the loop potential V^′ > V^′_{CW} , the scale M increases accordingly and cosmic string bounds are stronger. The result for the potential Eq. (2) with |a|, m_{3/2} = 0 (no hidden sector VEV) is shown in Fig. 1. At large and very small couplings the non-renormalizable term in V dominates the perturbations (V^′_{NR} > V^′_{CW} ), at intermediate couplings the result is determined by V^′_{CW} and we can recognize the M ∝ κ^{−1/3} behavior. No solution exist at large coupling as the potential is too steep for 60 e-folds to occur.

In the literature one can often read the claim that hybrid inflation predicts a red-tilted spectral index n_s − 1 ≈ 1/N_Q ≈ 0.98 [3, 32]. This is certainly true for moderately large couplings, but not for the small couplings comprising most of the parameter space where the cosmic string contribution is small. Also for large couplings, large deviations from 1 are expected [17]. To clarify this issue we will discuss the spectral index in some detail. One can distinguish

8The first slow roll parameter ϵ =^1_2 m^2_p(V^′/V )^2 ≪ η can be neglected in hybrid inflation.

three different regimes: 1) large O(1) couplings where the potential is dominated by the nonrenormalizable terms. 2) moderately large couplings κ ∼ 10^{−3} − 10^{−2} where the potential is dominated by the Coleman-Weinberg potential and inflation takes place at inflaton values x_Q ≫ 1. 3) small couplings κ ≲ 10^{−3} and inflation takes place at inflaton VEV close to the critical value x_Q ≈ x_{end} ≈ 1.

At large, order one, couplings the inflaton density perturbations are dominated by the nonrenormalizable term in the potential Eq. (2). The slow roll parameter gets a contribution from both potential terms: η = η_{NR} + η_{CW} . For super-Planckian inflaton VEV η_{NR} exceeds unity implying that the potential is too steep for inflation to take place. Towards the end of inflation the CW-potential starts dominating, and inflation ends when η_{CW} ≈ 1. Computing x_{end} from this and subsequently x_Q from Eq. (17) (in the approximation that except towards the very end of inflaton the potential is dominated by the non-renormalizable term), allows to calculate η(x_Q) and thus the spectral index n_s − 1 ≈ 3N κ^2 4π^2 − 2N N_Qκ^2 for κ^2 <

4π^2 2N N_Q (19)

For κ^2 <^{4π2}_{2N NQ} ≈ 0.3/N the flat part of the potential is too short for N_Q e-folds of inflation. The spectrum is blue-tilted and diverges in the limit where the potential just allows for N_Q e-folds.

At smaller couplings the potential during inflation is dominated by the CW-term. Expanding V_{CW} for large x ≫ 1 we find x_Q ≈ √ N N_Qκm_p/(2 √ 2πM) ≈ √ N_Qx_{end}. Indeed x_Q ≫ 1 and the large x expansion is valid for κ ≳ M/m_p ≳ 10^{−2} − 10^{−3}. The spectral index then reads n_s − 1 ≈ 1 N_Q ≈ 0.983 (20)

where in the second equality we used N_Q = 60. It is red-tilted and differs significantly from a featureless Harrison-Zeldovich spectrum.

At smaller couplings inflation ends when the inflaton is close to the critical value and x_{end} ≈ 1. We can expand the CW-potential in the limit x → 1 to find

N_Q =

8π^2M^2 N κ^2m^2_p

(x_Q − x_{end}) (21)

Hence for (N_QN κ^2m^2_p)/(8π^2M^2) ≪ 1 one has x_Q → x_{end} ≈ 1. The spectral index is

n_s − 1 ≈ ϵ log[N_Qϵ], with ϵ =

N κ^2m^2_p 8π^2M^2

≪ 1 (22)

The small x approximation is valid for ϵ ≪ 1, hence for small enough coupling κ. In this region the spectrum is red-tilted (the log-factor is negative) but indistinguishable from a scale invariant

Figure 1: M vs. κ and n_s vs. κ for N = 1, 3 in F-term inflation.

spectrum. At small coupling there is another viable solution where the potential is dominated by the non-renormalizable term. Both x_Q ≈ x_{end} ≈ 1 for this solution giving a blue-tilted, but nearly scale invariant spectral index n_s − 1 ≈^{24M 2}_{m2p} .

The behavior of the spectral index just described is confirmed by our numerical calculations, see Fig. 1.

To summarize the results for F-term inflation, couplings in the range 10^{−6} < κ < 10^{−2} are allowed. In the range 10^{−6} < κ < 10^{−4} the spectral index is indistinguishable from unity. This region is thus excluded by WMAP-3 at the three sigma level [9]. For non-zero |a|, m_{3/2}, the corresponding terms in the potential become important when V^′ > V_{CW} ; the corresponding increase in M is acceptable for a < 10^{−2}, m_{3/2} < TeV.

There are some differences between the F-term and D-term case. First of all, the string bound is stronger since D-strings are BPS and θ = 1 in Eq. (14). Another difference is that there are no non-renormalizable or other terms in the potential. At very small and large coupling it is still the loop potential that determines the density perturbations. The final difference is that the potential, and thus the results in D-term inflation, depend both on the Higgs coupling κ as on the gauge coupling g.

The coupling regime compactible with the CMB bounds is at small coupling where x_Q ≈ x_{end} ≈ 1 [15, 16]. In this regime the inflaton VEV is |S| ≪ m_p and the SUGRA corrections can be neglected. The FI term scales as √ ξ = 3×10^{−2}κ^{1/3}m_p, similar to the scaling behavior in F-term inflation for small couplings. At larger couplings x_{end}, x_Q ≫ 1 (but still sub-Planckian inflaton VEV) and the scaling behavior breaks down. In this regime the cosmic string contribution is no longer negligible.

At very small couplings κ the inflaton VEV is large |S| > S_c ∝ κ^{−1} and the exponential factor in the potential can no longer be neglected. This results in √ ξ increasing with smaller coupling (S ≈ m_p right at the minimum of √ ξ(κ)). For super-Planckian inflaton VEV S_Q > m_p we expect higher order terms in the Kähler potential to be important: in this regime the low energy effective field theory breaks down. Hence, we disregard this part of parameter space. The coupling value κ at the minimum of √ ξ(κ) depends on the gauge coupling g. The smaller the gauge coupling the smaller the Higgs coupling at the minimum, and consequently the smaller √ ξ. Only for small enough gauge coupling can the string contribution be made to agree with the CMB data.

The spectral index can be analyzed in the three different regimes: 1) at large couplings κ x_Q, x_{end} ≫ 1 but |S| < m_p so that SUGRA corrections can be neglected. 2) At intermediate couplings where x_Q, x_{end} ≈ 1 but |S| < m_p so that SUGRA corrections can be neglected. 3) At small couplings still x_Q, x_{end} ≈ 1 but |S| ≳ m_p and SUGRA corrections can no longer be neglected. The analysis done using minimal Kähler breaks down.

In the approximation x_Q, x_{end} ≫ 1 and SUGRA corrections absent, the spectral index is: n_s − 1 ≈ − 2κ 2N_Qg + κ (23)

The spectrum is red tilted, and for small g is much below unity, at odds with the CMB data. The large x-expansion is valid for x_{end} ≫ 1 or κ > 2π √ 2ξ/m_p ∼ 10^{−2}; SUGRA corrections are absent for g < 2 √ 2π. At smaller couplings gk < 8π^2M^2/(N_Q log[4]m^2_p) one has x_Q, x_{end} ≈ 1 and the small-x expansion is valid. In this limit n_s − 1 ≈ κ^2m^2_p 4π^2ξ log[ϵ] (24)

with ϵ some small number. Hence, just like in F-inflation, the spectral index approaches scale invariance for small κ. At even smaller κ the SUGRA corrections should be taken into account, which complicates the analysis. One finds again n_s − 1 ≈ 0.

To summarize the D-term case. The string contribution to the CMB anisotropies is small for g < 3 × 10^{−2} and κ < 10^{−4}. The spectrum is scale invariant at small couplings, and goes to large negative values at κ > 10^{−2}, excluded by the data. Numerical results are shown in Fig. 2. We also compared results for y = 3 and y = 9. Bounds differ by almost an order of magnitude. This is the theoretical error in cosmic string simulations.

3 Lowering the symmetry breaking scale

One can try to add additional terms, fields, dynamics to the inflaton potential, to lower the symmetry breaking scale. In the context of GUTs, we expect these to be there anyway. In this

Figure 2: √ ξ vs. κ and n_s vs. κ for g = 10^{−1} − 10^{−4} in D-term inflation.

section we discuss the various possibilities.

3.1 Adding terms to the Kähler or superpotential It is hard to reduce the symmetry breaking scale by adding extra terms to the superpotential involving S. As discussed in the last section, if these extra terms dominated the potential V^′_{extra} > V^′, the SSB increases, whereas if V^′_{extra} < V^′ they only affect the density perturbations at a sub-dominant level. To lower the SSB scale then requires to lower the loop potential V^′_{CW} , i.e., to lower the mass splitting between bosons and fermions. This is not easy to achieve. To influence the mass splitting significantly the extra terms have to be significant during inflation. This means these terms generically affect other aspects of inflation as well, and often the outcome is that they kill inflation rather than revive it.

Mass term for inflaton field. Consider adding a term W = m_S S^2 to the superpotential, which gives a bare mass to the inflaton field. This term is forbidden by an R-symmetry in standard hybrid inflation. A scale invariant spectrum requires η(x_Q) ≪ 1 or m^2_S ≪ H^2 ∼ k^2M^4/(3m^2_p). The inflaton mass is necessarily small, and cannot affect the mass splitting significantly. Explicitly x^2 → x(x + m_S /(κM)) ≈ x^2 in Eqs. (3,4). Similarly for D-inflation. Thus, a bare inflaton mass term cannot improve the bounds, but if too large it kills inflation!

Higher order inflaton coupling Replace the inflaton-Higgs coupling in the superpotential term by W = κS^n(Φ̄Φ)^m. Consider first the case m = 1. It can be checked that V^′_{CW} ∝ n, and the larger V^′ the larger the SSB scale (in this case M ∝ n^{1/3}). Thus the standard case with n = 1 is preferred, not only because it is renormalizable but also because it gives a lower

SSB. For m = 2 the above potential gives rise to smooth inflation in the F-term case, to be discussed in section 5.2. For m ≥ 1 in D-term inflation and m ≥ 2 in F-term inflation, there is no symmetry breaking potential and thus no hybrid inflation.

Mass term for Higgs fields. Consider another superfield X coupling to the Higgs fields, W = λXΦ̄Φ. This gives a bare mass to the Higgs fields. If X is gauge singlet, assuming m_X = λ⟨X⟩, the effect it to shift x → x + m_X /(κM) in Eq (3,4). For m_X > (κM) both Higgs masses are positive for all values of x, and there is no phase transition ending inflation. Since ϵ, η ≪ 1 for all values of x, inflation is eternal (driven by a non-zero cosmological constant κ^2M^4)! In the opposite limit m_X < κM the bare mass is sub-dominant during inflation, and cannot change V^′_{CW} significantly.

Beyond minimal Kähler potential Include the higher order terms in the Kähler potential

K = K(z) + ( 1 + f_S(|S|^2) ) |S|^2 + ( 1 + f(|S|^2) ) |Φ|^2 + ( 1 + f̄(|S|^2) ) |Φ̄|^2 (25)

with z a hidden sector field which has no superpotential coupling to the inflaton sector. In Fterm inflation with minimal Khäler potential for all the fields (f_S, f, f̄ = 0), there is no H^2|S|^2 term in the potential due to a miraculous cancellation. One generally expects higher order terms to be present, which can possible ruin this cancellation. Indeed, the first order term f_S = −a^2/4|S|^2 + ... or a hidden sector term K(z) = a^2m^2_p (corresponding to a VEV ⟨z⟩ = am_p and z canonically normalized) would give a mass term V = a^2H^2|S|^2. Hence, inflation can only take place for a ≲ 10^{−2}. Higher order terms O(S^4) in K are negligible in F-term inflation, since S ≪ m_p.

There is no Hubble induced mass term in D-inflation dependent on f_S ; non-zero f_S can be absorbed in redefinition of S [33]. A non-zero K(z) alters Eq. (12) to x = κ|S| g √ ξ exp ( |S|^2 + K(z) 2m^2_p ) . (26)

The hidden sector becomes important when K(z) ∼ m^2_p, which for z canonically normalized corresponds to ⟨z⟩ ∼ m_p.^9 This is shown in Fig. 3, where M(κ) is plotted for various values of K(z). Although the constraint on the modulus is weaker than in F-inflation where ⟨z⟩ ≪ m_p is needed, this can still be a severe problem for model building, as moduli are often stabilized at Planckian VEV.

Consider then K(z) and f_S small or absent, and concentrate on the effects of higher order terms coupling the singlet with the Higgs fields, parameterized by f, f̄. As shown in Ref. [33]

9Provided ∂W/∂z ≠ 0, otherwise the term exp K can be removed from the potential by a rescaling.

Figure 3: Left plot shows [(δT/T )_{cs}/(δT/T )_{WMAP}]^2 vs. κ for g = 10^{−1}, 10^{−2}, 10^{−3} and for y = 3 and y = 9. Right plot shows √ ξ vs. κ for g = 10^{−3}, y = 9 and K = 0, 0.5, 1, 5, 10m_p .

the main consequence is the replacement

x^2 → x^2 (1 + f_+)(1 + f_−)

(27)

in the mass split boson-fermion pairs Eqs. (3,4). Since |S|_{end} ≪ m_p, f, f̄ are sub-dominant at the end of inflation, and do not affect the moment inflation ends. The inflaton VEV can be large when observable scales leave the horizon. Remember M^3 ∝ V^′_{CW} with for x ≫ 1^{10} V^′_{CW} ∝ ( 2 σ + σ − f^′_+ 1 + f_+ − f^′_− 1 + f_− ) (28)

where we have set temporarily m_p = 1, and prime denotes derivative w.r.t. σ. Expanding the f-functions f = cσ^2/2 + O(σ^4), we see that the higher order terms alter the first order results considerably if 2cσ/(1 + cσ^2/2) ∼ σ + 2/σ, which requires both σ → 1 and c > 1. In this regime the second order term dominates over the first order. There is no good ground to drop third and higher order terms. This is not a satisfactory way to reduce the SSB, as we are entering the regime where effective field theory breaks down, and the Kähler potential to all orders seems needed.

3.2 Warm inflation If the (indirect) coupling of the inflaton to light fields is large, it can decay during inflation [34]. Although the energy density in radiation remains small throughout inflation, it is nevertheless

10We write the potential in terms of σ instead of x, as this makes explicit whether the inflaton VEV is below the Planck scale.

Figure 4: M vs. κ and n_s vs. κ for λ_{eff} = 0, 1, 5, 10 and N = 1.

possible that T > H. The inflaton fluctuations are thermal, and enhanced w.r.t. cold inflation. If in addition the decay rate is large Γ > H, the inflaton damping due to decay is larger than due to the expansion of the universe. This gives an extra enhancement of the perturbations. Smaller SSB scale is needed to obtain the observed quadrupole, and the bounds from cosmic string production may be avoided.

To implement warm inflation we add a term

W = λΦNN (29)

that allows inflaton decay into light N-quanta. Physically, what happens is that during inflation the slowly changing inflaton field can excite the Higgs field Φ, which can decay into massless N fields. The 1-loop dissipation coefficient scales as Γ ∼ κ^4Φ^2Γ_{Φ→NN} ∼ κ^3λ^2Φ. An explicit QFT calculation in the adiabatic-Markovian limit^{11} gives[34, 35]

Γ = κ^3λ^2N_lN_f M 2048π^2 x^2 √ 1 + x^2

(30)

with N_l the number of intermediate Φ quanta, and N_f the number of final states a Higgs boson can decay into. We absorb these factors in an effective coupling λ^2_{eff} = λ^2N_lN_f ; all plots are a function of λ_{eff} . The dissipation coefficient enters as a friction coefficient in the inflaton equation of motion.

The equations for the density perturbations can be generalized to include thermal effects. We will list here the important formulas; more details can be found in [12, 35]. Slow roll inflation

11valid for^{ϕ̇} < H < Γ.

ends when the slow roll parameters η ≈ r with r the ratio r(x) = Γ/(3H)^{12}. The dissipative effects parameterized by r(x) are maximized in the limit κ, λ_{eff} large, as this maximizes the decay rate. The formulas for the density parameters then generalize as follows. The number of e-folds is N_Q = ∫_{xQ} x_{end} 1 m^2_p V V^′ (1 + r)dx (31)

The quadrupole temperature anisotropy can be approximated by ( δT T ) infl = 1 12 √ 5πm^3_p

V^{3/2} V^′ (1 + r) ( 1 + ( 3πr 4 )_{1/4}) ( 1 + √ T H ) (32)

with r.h.s. evaluated at x_Q. The temperature during inflation follows from ρ_γ = π^2g_∗/(30)T^4 with g_∗ ∼ 100 and ρ_γ H^4 = 9 2 rϵ (1 + r)^2κ^2 (m_p M )_4 (33)

In the limit r → 0 (and thus also Γ → 0, T → 0) all above formulas reduce to those of standard cold inflation, where dissipative effects are negligible small. Finally, we give the generalization of the spectral index in the dissipative regime

n_s − 1 = { −^{17}_4 ϵ +^3_2 η −^1_4 β, for Γ < H < T (−^9_4 ϵ +^3_2 η −^9_4 β)(1 + r)^{−1}, for H < Γ, T

(34)

with β = m^2_p(Γ^′/Γ)(V^′/V ).

The result for warm inflation are shown in Fig. 4. The interesting part is the large coupling regime λ_{eff} ≳ 0.1 and κ ∼ 1 where Γ > H and thermal effects are important. The density perturbations are enhanced and consequently a much smaller SSB scale is needed. The cosmic string contribution is negligible small. However, if we look at the spectral index in this regime, we see that n_s ≈ 1.02 is blue-tilted, and thus strongly disfavored by the latest data. At smaller couplings there is no inflationary solution with N_Q = 60, just as in cold inflation. At these and smaller couplings, the thermal effects are small, and the solution approaches that of cold inflation.

The plots are for F-term inflation, but similar results expected for D-term.

3.3 Curvaton or inhomogeneous reheat scenario Since the cosmic string contribution to the temperature anisotropies is proportional to the inflaton contribution, lowering the latter will obviously lower the first thereby circumventing all

12The results are fairly independent of x_{end}; using that inflation is ended when ϵ = r or β = r instead gives visually indistinguishable result. The reason is that the NQ integral is dominated by xQ and thus hardly depends on x_{end}.

Figure 5: M vs. κ and n_s vs. κ for (δT/T )_{infl} = ϵ(δT/T )_{WMAP} with ϵ = 1, 10^{−1}, 10^{−2}, 10^{−3} and N_l = 1. Spectral index only applies to the varying constant case and not to curvaton (as there bulk of perturbations and thus spectral index produced by another field)

CMB constraints. If the inflaton contributes only a small fraction to the density perturbations, (δT/T )_{infl} = ϵ(δT/T )_{W MAP} with ϵ < 1, some other field or sector of the theory must provide the bulk. This can be achieved [13, 16] employing the curvaton [36] or inhomogeneous reheating scenario [37].

The total temperature anisotropy is given by ( δT T ) = √( δT T )_2 infl + ( δT T )_2 cs + ( δT T )_2 s (35)

with [δT /T ]_s parameterizing the contribution of the curvaton field or the fluctuating field of the inhomogeneous reheat scenario. If this contribution dominates, the inflaton quadrupole is only a small fraction of the value measured by WMAP: ( δT T ) infl = ϵ ( δT T ) WMAP

= ϵ 6.6 × 10^{−6} (36)

This leads, for example, in the intermediate coupling regime where the CW potential dominates and x_Q ≈ x_{end} ≈ 1 the inflationary scale M ∝ ϵ^{1/3} is lowered. Our numerical calculations show that already for ϵ = 0.1 the parameter space is opened up to couplings in the range 10^{−7} ≲ κ ≲ 10^{−1}, see Ref.[12] for more details. Results are shown in Fig. 5.

We should note that the curvaton scenario in its standard/simplest set-up can only work for a large enough Hubble parameter during inflation H > 10^8 GeV [38, 39]. This requires for example κ ≳ 10^{−4} in F-inflation.

3.4 Varying constants The couplings and masses appearing in our inflationary model can fluctuate in time. In SUSY theories as well as in string inspired models, all effective couplings are not constants, but rather functions of scalar fields in the theory. Many of these scalar fields have flat potentials and may only reach their ground state well after inflation. There are strong constraints on the variability of constants at present, but practically none for any variation happening before the time of nucleosynthesis.

The quantum fluctuations of the inflaton field leave the horizon during inflation. The thus produced curvature perturbation remains constant until horizon re-entry, provided there is no significant non-adiabatic pressure perturbation. The density perturbations from inflation are only a function of the model parameters during inflation. This statement is based on local conservation of energy-momentum and is independent of the gravitational field equations [40]. It holds for any metric theory of gravity, including scalar-tensor theories or induced fourdimensional gravity. In such theories, varying constants are general. For a non-Einstein version of hybrid inflation see Ref. [41].

The cosmic string contribution to the CMB originates from strings at red shifts between the surface of last scattering z = z_{ls} and the present z = 0, though most strings are present at z = z_{ls} [42]. It is clear then that if the parameters in the theory vary between the time of inflation, when inflaton perturbations are produced, and last scattering, when cosmic string perturbations are produced, the proportionality between the two sources of perturbations changes. In particular, it may be that the string contribution is reduced w.r.t. the inflaton contribution.

Consider for example the case that the Planck mass varies between inflation and present; we write m_p(t_Q) = f^{1/3}m_p(t_0). In the region of parameter space where the density perturbations are dominated by the CW potential (and thus V^′ independent of the Planck mass) the total temperature anisotropy is ( δT T ) = √( δT (t_Q) T (t_Q)

)_2 infl + ( δT (t_0) T (t_0)

)_2 cs = √( f δT T )_2

infl,0 + ( δT T )_2

cs,0 ≈ f ( δT T ) infl,0

(37)

where (δT/T )_{infl,0} is given by Eq. (16) with all couplings at their present value t = t_0, and likewise (δT/T )_{cs,0} = yGμ with all couplings at their present value t = t_0. The inflaton contribution is enhanced by a factor f with respect to the standard situation with a constant Planck mass f = 1 and m_p(t_Q) = m_p(t_0).

In general not only one effective coupling can vary but many. Writing the inflaton contribution as ( δT (t_Q) T (t_Q) ) infl = f(κ) ( δT T ) infl,0

(38)

the inflaton contribution is enhanced by a factor f(κ) w.r.t. the standard case. Note that f(κ) can be κ-dependent. The reason is that at different κ values different terms in the potential dominate, and thus the parameter dependence of the inflaton perturbations depends on κ.

For f ≠ 1 and κ-independent the bounds are the same as in the curvaton or inhomogeneous reheat scenario with ϵ = 1/f the fraction (δT/T )_{infl,0} contributes to the amplitude measured by WMAP (cf. Eqs. (36, 37 )), see Fig.5.

4 Unstable strings

If the strings which form at the end of inflation decay before matter-radiation equality, CMB constraints will be avoided. This is possible if the strings are embedded, non-topologically stable, semilocal, or if they nucleate monopole-antimonopoles at a sufficiently fast rate [43].

4.1 Embedded strings Cosmic strings form when a group G spontaneously breaks down to a subgroup H of G if the first homotopy group of the vacuum manifold G/H is non-trivial π_1(G/H) ≠ I [6]. It is however possible to find string solutions even if π_1(G/H) = I; if π_1(G_{emb}/H_{emb}) ≠ I with G_{emb} ⊆ G and H_{emb} ⊆ H embedded strings form [43]. The string stability is then a dynamical question and it depends on the parameters of the model [42]. A possible symmetry breaking at the end of inflation which leads to the formation of embedded strings and which does not lead to any other unwanted defect is given by

H × U(1)_X → U(1)_Y (39)

where H a non-abelian and simple group, U(1)_Y is not contained in H and U(1)_X ≠ U(1)_Y , i.e. the Y charge generator is a linear combination of X and a diagonal generator of H which corresponds to a neutral gauge boson which we call W_0. (We give the same name for the gauge bosons and thee corresponding generators.) There are two type of strings which form, an abelian string, whose generator is the abelian generator orthogonal to Z and a non-Abelian one. The non Abelian is unphysical [42].

Embedded strings are non topological because there is no conserved topological charge. Their stability is a dynamical question and it depends on the mixing between X and W_0 and on the ratio between the masses of the Higgs and gauge field forming the string [42, 43, 44]. Stability requires a very large mixing angle. In the case of H = SU(2) for example, the strings are stable if sin^2(θ) ≳ 0.9, where θ is the define by Y = sin(θ) W_0 + cos(θ) X and the gauge field forming the string A = cos(θ) W_0 − sin(θ) X [44]. For example electroweak strings are unstable [44]. We conclude that embedded strings can only be stable if their gauge field is mostly made out of X.

Embedded strings form after hybrid inflation in GUT models which predict massive neutrino via the see-saw mechanism if G_{LR} is broken down to the SM gauge group at the end of inflation

SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L}^{Inflation+Embedded Strings}

−→ SU(3)_c × SU(2)_L × U(1)_Y. (40) In this case the Higgs fields which get VEV at the end inflation breaking G_{LR} must be in unsafe representations of G_{GUT} in order to break the Z_2 symmetry subgroup of gauge B − L which plays the role of R-parity [45]. This happens when the component of Φ and Φ̄ transform as an SU(2)_R doublet so that N_l = 2 in Eq. (6). This includes all the symmetry breaking pattern of the form

G_{GUT} → ...^{Monopoles}→ SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L}

Inflation+Embedded Strings

−→ SU(3)_c × SU(2)_L × U(1)_Y −→ SU(3)_c × U(1)_Q (41)

where G_{GUT} ⊃ U(1)_{B−L}. Such models lead to fast proton decay. This problem can be cured by imposing by hand a discrete symmetry which plays the role of matter parity. The B − L embedded strings are unstable [25]. They can still lead to leptogenesis at the end of inflation [19, 20, 25].

4.2 Non-topologically stable strings Topological strings form when H → K at the end of inflation with π_1(H/K) ≠ I. If there is a subsequent phase transition associate with the breaking K → J such that π_1(G/J) = I, the strings will rapidly decay after this transition has taken place. So topological strings can be topologically unstable. This generically happens when cosmic strings form because K contains a discrete symmetry which is subsequently broken. In that case the strings become boundaries of domain walls and the system rapidly decay. For example, if the breaking at the end of inflation is of the form H^{Φ, Φ̄}→ K × Z_N → K, (42)

then Z_N strings form at the end of inflation and the symmetry breaking scale is constrained by CMB anisotropies. At the following phase transition when Z_N breaks down to the identity, the strings become connected by domain walls and the system rapidly decays [42].

As an example, let’s consider the interesting case of unified models which contain gauged U(1)_{B−L}. There is a discrete Z_2 symmetry subgroup of U(1)_{B−L} which can be left unbroken if “safe” representations are used to implement the SSB [45]. If gauged B-L is broken at the end of inflation with Higgs in safe representations, the strings which form at the end of inflation are always topological strings since π_1(H/K × Z_2) ≠ I. In this case the component of Φ and Φ̄ which a acquire a VEV at the end of inflation transform as an SU(2)_R triplet and N_l = 3 in Eq.(6). If unsafe representations are used at a following intermediate breaking step, the discrete Z_2 symmetry will break and the Z_2 strings will rapidly decay. For example,

G_{GUT} → ...^{monopoles}→ SU(3)_c × SU(2)_L × SU(2)_R × U(1)_{B−L}

inflation+strings

−→ SU(3)_c × SU(2)_L × U(1)_Y × Z_2

strings decay

−→ SU(3)_c × U(1)_Q. (43)

Note that if matter parity is broken at low energy, it will have to be imposed by hand as an additional symmetry.

4.3 Semilocal strings If H → K at the end of inflation with a non-minimal set of Higgs fields, i.e. if there are at least two set of Higgs fields in the same representation, there is then an extra non Abelian global symmetry and if π_1(H/K) ≠ I semi-local strings form [46].

For example, in the case of F-term inflation we can introduce another pair of Higgs superfields, Φ^′, Φ̄^′, in the same conjugate representations as the Φ and Φ̄ fields in Eq. (1). The VEV of these fields break H → K and we assume that π_1(H/K) = Z. However with two sets of Higgs fields, the full symmetry is now H × SU(2)_{global} where SU(2) is a global symmetry and it is broken down to K × U(1)_{global}. The vacuum manifold now becomes S_3 which does not contain any non-contractible loops and the strings which form are semilocal [46]. If the R-charges of these new fields matches those of the original set of Higgs then

W_{infl} = κS(Φ^′Φ̄^′ + ΦΦ̄ − M^2) (44)

and hence

V_{infl} = κ^2|ϕ̄ϕ + ϕ̄^′ϕ^′ − M^2|^2 + κ^2|S|^2(|ϕ̄|^2 + |ϕ|^2 + |ϕ̄^′|^2 + |ϕ^′|^2) + V_D. (45)

with V_D = g^2 2 (|ϕ̄|^2 − |ϕ|^2 + |ϕ̄^′|^2 − |ϕ^′|^2)^2 (46) The potential has an SU(2) global symmetry and hence the strings which form at the end of inflation are semilocal [44].

The stability of semilocal strings depends upon the ratio between the mass of the Higgs field forming the strings and the mass of the string gauge field β = m^2_ϕ/m^2_A. For β ≥ 1 the strings are unstable, whereas for β < 1 the strings are stable [42]. Numerical simulations have further shown that when β ≥ 1, the semilocal strings may not even form [47]. Recent simulations show that deep in the stability regime, the string contribution to CMB anisotropies is that of global textures rather than that of topological strings [48]. From Ref.[49], we find that δT/T ∼ 4πGM^2 for global defects, which correspond to y = 2. So for the same scale M, strings give a contribution almost 5 times as small.

D-term strings forming at the end of D-term inflation with to sets of charged Higgs superfields are BPS states, i.e. β = 1 and they are unstable [50]. On the contrary, GUT F-term strings forming at the end of standard hybrid inflation have β < 1 [12] and hence promoting them to semilocal strings does not affect their stability in any essential way. In that case, the string contribution to CMB anisotropies is that of global textures rather than that of topological strings [48]. P-term F-term strings which form at the end of F-term P-term inflation correspond to κ = g/ √ 2 [15, 51]. These strings are BPS states [52], β = 1 and hence no strings are expected to form. This is particularly interesting since the parameter space for F-term P-term inflation is much smaller that GUT F-term inflation [12].

4.4 Nucleating monopole-antimonopole pairs GUT cosmic strings can nucleate monopole-antimonopole pairs and hence they are not strictly stable. However this is a tunneling process and therefore the nucleating rate is exponentially suppressed. The probability for a string to break (per unit length per unit time) is [53]

P ∝ exp(−πm^2/μ) (47)

where m is the monopole mass m ∼ 4πM_M /g where M_M is the scale at which the monopoles form; we have M_{GUT} ≳ M_M > M. Using Eq.(14) we get P ∝ exp[−N ( M_M M )_2 ]. (48)

with N ∈ [150 − 150000] for θ ∈ [1 − 10^{−2}]. Therefore the strings which form at the end of hybrid inflation are essentially stable.

5 No strings at all

If there is no phase transition associated with spontaneous symmetry breaking at the end or after inflation, apart from the electroweak phase transition, then there will be no topological defect left in our visible universe today. This is possible for non minimal models of GUT hybrid inflation, such as shifted inflation [54] or smooth inflation [55].

5.1 Shifted inflation The superpotential for standard hybrid inflation Eq. (1) contains in principle a infinite serie of non-normalizable terms which are consistent with the R-symmetry defined below Eq. (1). The effect of these terms is in the most general case unimportant for the inflationary dynamics and are usually ignored. However, it was pointed out in Ref.[54], that if the cut-off scale of the low energy theory lies between 10^{17} GeV and 10^{19} GeV [32], and if the Yukawa coupling of the higher order term is negative and of order unity, the effect of this latter term on the scalar potential is crucial. Indeed, for specific values of the parameters, the inflationary valley of GUT hybrid inflation is then shifted from a valley where the VEV of the GUT Higgs fields vanishes to a valley where it is non-zero and there is spontaneously symmetry breaking. This is of particular importance for GUT model building, because one can then break G_{GUT} directly down the standard model, and keep the unification of the gauge coupling constants’ prediction of the MSSM, and solve the GUT monopole problem at the same time. Shifted inflation can also occur in models with non minimal content of GUT Higgs superfields [56].

The superpotential for shifted hybrid inflation is given by

W = κS(Φ̄Φ − M^2) − βS

(Φ̄Φ)^2 M^2_S

(49)

where S is a gauge singlet and Φ̄ and Φ are Higgs superfields in complex conjugate representations of G_{GUT} . The superpotential given in Eq. (49) is consistent with an R-symmetry under which the fields transform as follows: S → e^{iθ}S, Φ → e^{iθ}Φ, Φ̄ → e^{−iθ}Φ̄ and W → e^{iθ}W . The SUSY scalar potential which can be calculated from Eq. (49) is V = | | |κ( Φ̄Φ − M^2) − β (

Φ̄Φ)2 M^2_S | | | 2 + κ^2|S|^2 ( |Φ|^2 + |Φ̄|^2 ) | | |1 − 2β κM^2_S Φ̄Φ | | | 2 + V_D. (50)

This scalar potential has a shifted inflationary valley for 1/4 > ξ > 1/6, where ξ =^{βM 2}_{κM 2s} , along which S ≠ 0 and |⟨Φ⟩| = |⟨Φ̄⟩| = v = (^{κM 2S}_{2β} )^12 [54]. We now set β = 1. The common VEV of the Φ and Φ̄ fields break the GUT gauge symmetry during inflation. The scalar potential along the inflationary valley is given by V_{infl} = κ^2m^4 + V_{CW} + V_{SUGRA} (51) where m^2 = M^2_s (^1_{4ξ} − 1). The one-loop corrections now not only depend on the value of S but also on the common VEV of the the Φ and Φ̄ fields, v, which is non zero during inflation [54] :

V_{CW} = κ^2m^4 16π^2 ( 2 ln( κ^2|S|^2 Λ^2

+ ln((z + 1)^2 ln(1 + z^{−1}) + (z − 1)^2 ln(1 − z^{−1}) ) (52) where z = 2|S|^2/M^2. Note that V_{CW} does not depend upon the dimension of the representation of the Higgs fields as opposed to the standard hybrid case. Incorporating possbile hidden sector VEVs, we obtain the following SUGRA corrections along the inflationary valley :

V_{SUGRA} = κ^2m^4 ( (|a|^2 + κMs^2/m^2_p) |S|^2 m^2_p + |S|^4 2m^4_p ) + κAm_{3/2}m^2|S| + · · · . (53)

As in the standard hybrid case, shifted inflation is driven by the loop corrections in most of the parameter space. Inflation ends in a phase transition when η ≃ 1 which is very close to the critical point S = √ 2m. This phase transition is not associated with spontaneous symmetry breaking. The global SUSY minimum is at S = 0 and v =^1_{2ξ} (1 − √ 1 − 4ξ) and is constraint by CMB data to be very close to the GUT scale [32, 54]. In the case β = 1, when M_s ∼ m_p, shifted inflation can happen for κ ≳ 10^{−5} whereas if M_s ∼ 10^{17} GeV gives κ ≳ 10^{−2} [32, 54]. The constraints on the scale M and on the spectral index n_s are very similar for shifted inflation and standard hybrid inflation. In the case of shifted inflation, larger values of κ are allowed compared with the standard hybrid case.

5.2 Smooth inflation

Another version of SUSY hybrid inflation which does not lead to the formation of topological defects at the end of inflation is smooth inflation [55]. The main differences with shifted inflation is firstly the inflationary valley, where spontaneous symmetry breaking takes place, which is not flat at tree level. Secondly the inflationary valley also contains the global SUSY minimum, and hence there is no “waterfall” regime, the inflaton fields smoothly move to the global SUSY minimum [55].

The superpotential for smooth inflation is the one used for shifted inflation without the trilinear term, which is forbidden by imposing a discrete Z_2 symmetry [55] :

W = κS ( −M^2 +

(Φ̄Φ)^2 M^2_S ) . (54)

The scalar potential is minimized for ⟨Φ̄^∗⟩ = ±⟨Φ⟩. Denoting the common VEV of the real component of the Higgs field by ϕ, we have

V = (M^4 − ϕ^4 M^2

)^2 +

8ϕ^6S^2 M^4

. (55)

The parameter space which is compatible with CMB data is very similar to that of standard hybrid inflation [32, 55].

5.3 Models We now discuss various spontaneous symmetry breaking patterns which are compatible with smooth or shifted inflation as solutions to the GUT monopole problem. We point out that even though no defect form at the end of inflation in these cases, for rank greater than 6 gauge groups, cosmic strings may well form at a subsequent phase transition and we give further details.

For rank five GUT groups such as SU(4)_c × SU(2)_R × SU(2)_L or SO(10) the SSB pattern is as follows G_{GUT}^{Shifted Inflation} −→ ⟨Φ⟩,⟨Φ̄⟩ 3_c 2_L 1_Y → 3_c 1_Q (56)

and no topological defect form at the end or after inflation. The GUT monopoles are formed before inflation (alternatively, they may never form if the GUT symmetry is never restored).

For GUTs based on a GUT gauge group with rank > 5 still SSB patterns of the type Eq. (56) can happen. However, since the rank of the group is higher, cosmic strings may also form at a following phase transition. For example,

G_{GUT}^{Shifted Inflation} −→ ⟨Φ⟩,⟨Φ̄⟩ → 3_c 2_L 1 1^{Cosmic Strings}→ 3_c 2_L 1_Y → 3_c 1_Q. (57)

For GUT gauge groups with rank> 6 there might even be more that on type of strings forming after inflation. For example,

G_{GUT}^{Shifted Inflation} −→ ⟨Φ⟩,⟨Φ̄⟩ → 3_c 2_L 1 1 1^{Cosmic Strings}→ 3_c 2_L 1 1^{Cosmic Strings}→ 3_c 2_L 1_Y → 3_c 1_Q. (58)

This is very generic situation. Note that during inflation the energy in any hidden sector should be V_{hid} ≲ (10^{11} GeV)^4 so that the gravitino mass m_{3/2} ∼ V^{1/2}/m_p ≲ TeV is sufficiently small. Larger gravitino masses are incompattible with the CMB data. This means that any phase transition happining after inflation should be at sufficiently low scale ≲ 10^{11} GeV.

6 Conclusions

Hybrid inflation is perhaps the best particle physics motivated model of inflation. It arises naturally in SUSY GUTs [3, 5] and it can be viewed as an effective brane inflation action [15, 51]. It was thus important to take a closer look at the model and at the parameter space allowed by CMB data. There are two potential problems. One is that cosmic strings always form at the end of inflation [5, 7] and their contribution to CMB anisotropies can be above the 10% allowed by the data [10, 11] for large coupling constants in the F-term case and for gauge coupling g close to the unified coupling in the D-term case [5, 12]. The other is that the scale of inflation may be too high.

We have shown that there are basically two ways to enlarge the parameter space for hybrid inflation. The first strategy to enlarge the parameter space is by looking at and changing the details of the inflationary scenario itself (not the strings). We found that in realistic models of GUT F-term inflation, the loop corrections do not depend on the dimension of the representation of the Higgs fields which acquire VEV at the end of inflation, but on a restricted number of component N_l which remain massless during inflation. N_l is found to lie between 1 and 3 for phenomenologically interesting models, and in particular for GUT models which predict massive neutrinos via see-saw mechanism.

In the case of D-term inflation, we showed that most of the parameter space consistent with the data is difficult to reconcile with motivated values of g when the strings are stable. Furthermore D-term inflation can occur for values of the inflaton field larger than the Planck scale; in this case one cannot use minimal Kähler potential to analyse the model.

Further we showed for both F- and D-term inflation, that the parameter space could be enlarged by considering decay of the inflaton during inflation. This requires a large coupling of the Higgs with some other field. However, these so called warm inflationary models give a blue tilted spectral index, at odds with the latest WMAP data. The bounds on the inflationary parameters can also be weakend employing the curvaton and inhomogeneous reheating scenario, or entertaining the possibility of varying constants.

The second strategy to enlarge the parameter space for hybrid inflation is to get rid of the strings which form at the end of inflation or to have no string forming at all. In the latter case, we need to go beyond standard hybrid inflation, to shifted or smooth inflation for example [54, 55]. We showed that the strings may not contribute to CMB anisotropies for a variety of reasons. They can be non-topological and unstable such as embedded strings, they can behave more like global defects and consequently contribute less to the CMB if they are semilocal, or they can be topological but not topologically stable. We explained this in some detail and gave examples of realistic symmetric breaking patterns, with particular emphasis on GUTs which predict massive neutrinos via the see-saw mechanism.

As a final remark, we would like to discuss how hybrid inflationary confronting WMAP-3 data [9]. WMAP-3 excludes a Harrison-Zeldovich spectrum at more than three sigma. This excludes the region where the singlet-Higgs coupling κ is smaller than 10^{−3} − 10^{−4}, see Figs. 1 and 2, in the standard hybrid model, and κ greater than 10^{−6} in the case of varying constants, see Fig. 5. If the strings are stable and contribute to CMB, their contribution may well be too low to be seen in the CMB temperature anisotropies [12]. However, they could still be detected in upcoming experiments via B-type polarization of the CMB [18], since tensor and vector modes of F-term and D-term strings dominates over the tensor perturbations of hybrid inflation which are negligible. An appreciable tensor contribution also shifts the WMAP-3 central value for the spectral indexto n_s = 0.98 [9]. We also note that it is possible to adjust the spectral index of hybrid inflation by employing non-minimal Kähler potentials, although at the cost of tuning [57, 58]. Lastly, WMAP-3 has detected no significant deviations from a gaussian spectrum. This may be at odds with hybrid inflation in the large coupling regime. As was shown in Ref. [59] it is possible to generate large second-order perturbations in CMB due to the instability of the tachyonic field during preheating, resulting in possibly large non-Gaussianities.

Acknowledgements

RJ would like to thank the Netherlands Organisation for Scientific Research [NWO] for financial support.

A The Barr-Raby model

In realistic GUT models there will be other GUT Higgs superfields than the Φ_± fields that couple to the inflaton. These may be needed for a variety of reasons: break G down to the intermediate group, remove pseudo-goldstone bosons from the theory, implement double-triplet splitting, give masses to the (SM) fermions. Cross couplings between the Φ, Φ̄ and other Higgs fields change the mass spectrum during inflation, in particular such couplings give a mass to some components of Φ, Φ̄. In this appendix we give a short overview of the Barr-Raby model, which is a simple and realistic model to break SO(10) down to the standard model, and which incorporates hybrid inflation. During inflation 14 out of the 16 component Higgs fields Φ get massive, and N → N_{light} = 2 in the CMB bounds.

The Barr-Raby model uses an adjoint 45 Higgs A, and the complex conjugate Higgs fields Φ and Φ̄ in the 16 and 15 spinor representation to break SO(10) down to the SM. In addition there is a pair of spinor Φ^′, Φ̄^′ Higgses, 2 10-plets T_1 and T_2, and 4 singlets S, P, Z_1 and Z_2 whose roll will become clear below. The superpotential is of the form

W ⊃ κS(ΦΦ̄ − μ^2) + α 4M_s trA^4 + 1 2 M_AtrA^2 + T_1AT_2 + M_T T^2_2

+ Φ̄^′ [ ζ P A M_S + ζ_Z Z_1 ] Φ + Φ̄ [ ξ P A M_S + ξ_Z Z_2 ] Φ^′ + M_Φ′Φ̄^′Φ^′ (59)

The first term in W drives inflation. S is the inflaton which initially has a large VEV, and inflation is ended by a phase transition during which the Higgses Φ, Φ̄ get a VEV in the SU(5) singlet direction, thereby breaking SO(10) → SU(5). The F-term F_A is minimized by choosing A of the Dimoupoulos-Wilzcek form: ⟨A⟩ = diag(a, a, a, 0, 0) ⊗ iσ^2 with a = ± √ M_AM_S /α^{13}.

⟨A⟩ is along the B − L direction; it breaks SO(10) → SU(3)_C × SU(2)_L × SU(2)_R × U(1)_{B−L}. The VEV of Φ, Φ̄ and A together break SO(10) down to the standard model.

The two SM Higgs doublets correspond to the two doublets in T_1 that remain light after A gets a VEV. The remaining two triplets in T_1 get superheavy via its coupling to T_2^{14}. This implements the doublet triplet splitting.

The adjoint and spinor Higgs sector need to be coupled to remove unwanted pseudo goldstone bosons. A direct coupling of the form W ⊃ Φ̄AΦ would destabilize the doublet-triplet splitting. Instead the terms in the second line of Eq. (59) are added. Upon minimization of the scalar

13F^∗_A = gives ⟨A⟩ = diag(a1, a2, a3, a4, a5) ⊗ iσ^2 with ai = a or ai = 0. The DW-form is just one of the many degenerate minima.

14T2 is necessary, since a direct mass term for the triplet components of T1 would lead to disastrous rapid Higgsino-mediated proton decay

potential, assuming ⟨P ⟩ fixed, the fields Z_i acquire a VEV:

Z_1 = − 3 2 ζ ζ_Z ⟨P ⟩a M_s , Z_2 = − 3 2 ξ ξ_Z ⟨P ⟩a M_s (60)

Plugging back the VEV into the superpotential the mass terms in the spinor sector are of the form

W ⊃ κS(Φ̄Φ − M^2) + Φ̄^′ [ ζP a M_s 3 2 (B − L − 1) ] Φ + Φ̄ [ ζP a M_s 3 2 (B − L − 1) ] Φ^′ + M_Φ′Φ̄^′Φ^′ (61)

We label the Higgses in analogy with the fermion masses, by their SM quantum numbers:

16 = (1, 1, 0) + (¯3, 1, 1/3) + (1, 2, −1/2) + (¯3, 1, −2/3) + (3, 2, 1/6) + (1, 1, 1) = ϕ_{ν̄} + ϕ¯_d + ϕ_L + ϕ_ū + ϕ_Q + ϕ_ē (62)

and similarly for the barred and primed fields. The mass term is diagonal in that the it only couples SM plets of the same or conjugate type.

Since^3_2 (B − L − 1) = 0 for both the “RH neutrino” and “positron” components the superpotential in these sectors simply read

W ⊃ κSϕ̄_iϕ_i for i = ν^c, e^c (63)

Hence the “RH neutrino” and “positron” of Φ̄, Φ remain light during inflation; they do not get an extra contribution to their mass due to the coupling with other Higgses. All other components have^3_2 (B − L − 1) ≠ 0, and become heavy during inflation. For example, the superpotential in the Q sector reads

W = κSϕ̄_Qϕ_Q − M1ϕ̄^′_Qϕ_Q − M2ϕ̄_Qϕ^′_Q + M_Φ′ϕ̄^′_Qϕ^′_Q (64)

with M_1 =^{ζP a}_{Ms} and M_2 =^{ζP a}_{Ms} , which gives a heavy mass to the fields in this sector (assuming M_i ∼ M_{GUT} > κM with κM setting the scale of inflation).

The important point for hybrid inflation is that there are only two light Higgs components during inflation (the RH neutrino and positron component). Only these two fields contribute to the Coleman-Weinberg potential and thus the effective dimensionality, which equals the number of light fields, is N_l = 2 instead of N = 16. The story above goes also throught if we introduce Higgs fields Φ, Φ̄ and Φ^′, Φ̄^′ in the 126 and 126 representation. After the coupling with the adjoint and singlet fields only an SU(2)_R triplet remains massless, and thus in this case N_l = 3.

References

[1] A. Linde, Phys. Rev. D 49, 748 (1994) [arXiv:astro-ph/9307002].

[2] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, Phys. Rev. D 49, 6410 (1994) [arXiv:astro-ph/9401011].

[3] G. R. Dvali, Q. Shafi and R. K. Schaefer, Phys. Rev. Lett. 73, 1886 (1994) [arXiv:hep-ph/9406319].

[4] P. Binetruy and G. R. Dvali, Phys. Lett. B 388 (1996) 241 [arXiv:hep-ph/9606342]. [5] R. Jeannerot, Phys. Rev. D 56 (1997) 6205 [arXiv:hep-ph/9706391]. [6] T. W. B. Kibble, J. Phys. A 9, 1387 (1976). [7] R. Jeannerot, to appear soon.

[8] R. Jeannerot, J. Rocher and M. Sakellariadou, Phys. Rev. D 68, 103514 (2003) [arXiv:hep-ph/0308134].

[9] D. N. Spergel et al., arXiv:astro-ph/0603449.

[10] L. Pogosian, I. Wasserman and M. Wyman, arXiv:astro-ph/0604141. [11] A. A. Fraisse, arXiv:astro-ph/0603589.

[12] R. Jeannerot and M. Postma, JHEP 0505 (2005) 071 [arXiv:hep-ph/0503146]. [13] J. Rocher and M. Sakellariadou, JCAP 0503 (2005) 004 [arXiv:hep-ph/0406120]. [14] J. Rocher and M. Sakellariadou, Phys. Rev. Lett. 94 (2005) 011303 [arXiv:hep-ph/0412143]. [15] R. Kallosh, arXiv:hep-th/0109168, R. Kallosh and A. Linde, JCAP 0310, 008 (2003) [arXiv:hep-th/0306058].

[16] M. Endo, M. Kawasaki and T. Moroi, Phys. Lett. B 569 (2003) 73 [arXiv:hep-ph/0304126]. [17] A. D. Linde and A. Riotto, “Hybrid inflation in supergravity,” Phys. Rev. D 56, 1841 (1997) [arXiv:hep-ph/9703209].

[18] U. Seljak and A. Slosar, arXiv:astro-ph/0604143.

[19] R. Jeannerot, Phys. Rev. Lett. 77, 3292 (1996) [arXiv:hep-ph/9609442]. [20] R. Jeannerot and M. Postma, JCAP 0512 (2005) 006 [arXiv:hep-ph/0507162]. [21] R. Jeannerot and J. Lesgourgues, Phys. Rev. D 62, 023514 (2000) [arXiv:hep-ph/9905208]. [22] S. R. Coleman and E. Weinberg, Phys. Rev. D 7, 1888 (1973).

[23] I. Antoniadis and G. K. Leontaris, Phys. Lett. B 216, 333 (1989). [24] A. C. Davis and R. Jeannerot, Phys. Rev. D 52, 7220 (1995) [arXiv:hep-ph/9501275]. [25] R. Jeannerot and M. Postma, to appear soon.

[26] G. Lazarides and Q. Shafi, Phys. Lett. B 258, 305 (1991). G. Lazarides, Springer Tracts Mod. Phys. 163, 227 (2000) [arXiv:hep-ph/9904428].

[27] P. Binetruy, G. Dvali, R. Kallosh and A. Van Proeyen, Class. Quant. Grav. 21 (2004) 3137 [arXiv:hep-th/0402046].

[28] M. Landriau and E. P. S. Shellard, Phys. Rev. D 69 (2004) 023003 [arXiv:astro-ph/0302166]. [29] B. Allen, R. R. Caldwell, E. P. S. Shellard, A. Stebbins and S. Veeraraghavan, Phys. Rev.

Lett. 77 (1996) 3061 [arXiv:astro-ph/9609038].

[30] L. Perivolaropoulos, Phys. Lett. B 298 (1993) 305 [arXiv:hep-ph/9208247]. D. P. Bennett, A. Stebbins and F. R. Bouchet, Astrophys. J. 399 (1992) L5 [arXiv:hep-ph/9206233]. D. Coulson, P. Ferreira, P. Graham and N. Turok, arXiv:hep-ph/9310322.

[31] C. T. Hill, H. M. Hodges and M. S. Turner, Phys. Rev. Lett. 59 (1987) 2493. [32] V. N. Senoguz and Q. Shafi, Phys. Rev. D 71, 043514 (2005) [arXiv:hep-ph/0412102]. [33] O. Seto and J. Yokoyama, Phys. Rev. D 73 (2006) 023508 [arXiv:hep-ph/0508172]. [34] A. Berera, Phys. Rev. Lett. 75 (1995) 3218 [arXiv:astro-ph/9509049]; L. M. H. Hall, I. G. Moss and A. Berera, Phys. Rev. D 69 (2004) 083525 [arXiv:astro-ph/0305015].

[35] M. Bastero-Gil and A. Berera, arXiv:hep-ph/0411144.

[36] K. Enqvist and M. S. Sloth, Nucl. Phys. B 626, 395 (2002) [arXiv:hep-ph/0109214];

D. H. Lyth and D. Wands, Phys. Lett. B 524, 5 (2002), [arXiv:hep-ph/0110002]; T. Moroi and T. Takahashi, Phys. Lett. B 522, 215 (2001) [Erratum-ibid. B 539, 303 (2002)] [arXiv:hep-ph/0110096].

[37] G. Dvali, A. Gruzinov and M. Zaldarriaga, Phys. Rev. D 69 (2004) 023505 [arXiv:astro-ph/0303591]. L. Kofman, arXiv:astro-ph/0303614.

[38] D. H. Lyth, arXiv:hep-th/0308110.

[39] M. Postma, JCAP 0405, 002 (2004) [arXiv:astro-ph/0403213].

[40] D. Wands, K. A. Malik, D. H. Lyth and A. R. Liddle, Phys. Rev. D 62 (2000) 043527 [arXiv:astro-ph/0003278].

[41] M. C. Bento, O. Bertolami and P. M. Sa, Phys. Lett. B 262 (1991) 11, M. C. Bento, O. Bertolami and P. M. Sa, Mod. Phys. Lett. A 7 (1992) 911.

[42] A. Vilenkin and E. P. S. Shellard, “Cosmic strings and other topological defects”, Cambridge monographs on mathematical physics, Cambridge University Press, England, 1994; M. B. Hindmarsh and T. W. B. Kibble, Rept. Prog. Phys. 58 (1995) 477 [arXiv:hep-ph/9411342].

[43] T. Vachaspati, Phys. Rev. Lett. 68, 1977 (1992) [Erratum-ibid. 69, 216 (1992)]. T. Vachaspati and M. Barriola, Phys. Rev. Lett. 69, 1867 (1992). R. Holman, S. Hsu, T. Vachaspati and R. Watkins, Phys. Rev. D 46, 5352 (1992) [arXiv:hep-ph/9208245]. M. Barriola, T. Vachaspati and M. Bucher, Phys. Rev. D 50, 2819 (1994) [arXiv:hep-th/9306120]. N. F. Lepora and A. C. Davis, Phys. Rev. D 58, 125027 (1998) [arXiv:hep-ph/9507457].

[44] M. James, L. Perivolaropoulos and T. Vachaspati, Phys. Rev. D 46, 5232 (1992).

M. James, L. Perivolaropoulos and T. Vachaspati, Nucl. Phys. B 395, 534 (1993) [arXiv:hep-ph/9212301]. A. Achucarro and T. Vachaspati, Phys. Rept. 327, 347 (2000) [Phys. Rept. 327, 427 (2000)] [arXiv:hep-ph/9904229].

[45] S. P. Martin, Phys. Rev. D 46, 2769 (1992) [arXiv:hep-ph/9207218].

[46] J. Preskill, Phys. Rev. D 46, 4218 (1992) [arXiv:hep-ph/9206216].

[47] A. Achucarro, J. Borrill and A. R. Liddle, Phys. Rev. Lett. 82, 3742 (1999) [arXiv:hep-ph/9802306].

[48] A. Achucarro, P. Salmi and J. Urrestilla, arXiv:astro-ph/0512487.

[49] N. Bevis, M. Hindmarsh and M. Kunz, Phys. Rev. D 70, 043508 (2004) [arXiv:astro-ph/0403029].

[50] J. Urrestilla, A. Achucarro and A. C. Davis, Phys. Rev. Lett. 92, 251302 (2004) [arXiv:hep-th/0402032].

[51] C. Herdeiro, S. Hirano and R. Kallosh, JHEP 0112, 027 (2001) [arXiv:hep-th/0110271].

K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, Phys. Rev. D 65, 126002 (2002) [arXiv:hep-th/0203019]. E. Halyo, arXiv:hep-th/0405269.

[52] A. Achucarro and J. Urrestilla, JHEP 0408, 050 (2004) [arXiv:hep-th/0407193].

[53] A. Vilenkin, Nucl. Phys. B 196, 240 (1982).

[54] R. Jeannerot, S. Khalil, G. Lazarides and Q. Shafi, SU(2)R,” JHEP 0010, 012 (2000) [arXiv:hep-ph/0002151].

[55] G. Lazarides and C. Panagiotakopoulos, Phys. Rev. D 52, 559 (1995) [arXiv:hep-ph/9506325].

[56] R. Jeannerot, S. Khalil and G. Lazarides, JHEP 0207, 069 (2002) [arXiv:hep-ph/0207244]. [57] M. Bastero-Gil, S. F. King and Q. Shafi, arXiv:hep-ph/0604198. [58] C. M. Lin and J. McDonald, arXiv:hep-ph/0604245. [59] N. Barnaby and J. M. Cline, arXiv:astro-ph/0601481.