arXiv:0907.3678v1 [astro-ph.CO] 21 Jul 2009

Primordial magnetic fields and gravitational baryogenesis in nonlinear electrodynamics

Herman J. Mosquera Cuesta^{1,2} and Gaetano Lambiase^{3,4} 1Instituto de Cosmologia, Relatividade e Astrofísica (ICRA-BR), Centro Brasileiro de Pesquisas Físicas (CBPF) Rua Dr. Xavier Sigaud 150, CEP 22290-180, Rio de Janeiro, RJ, Brazil 2ICRANet International Coordinating Centre, P.le della Repubblica 10, 65100, Pescara, Italy 3Dipartimento di Fisica ”E.R. Caianiello”, Universitá di Salerno, 84081 Baronissi (Sa), Italy. 4INFN, Sezione di Napoli, Italy.

(Dated: July 22, 2009)

The amplification of the primordial magnetic fields and the gravitational baryogenesis, a mechanism that allows to generate the baryon asymmetry in the Universe by means of the coupling between the Ricci scalar curvature and the baryon current, are reviewed in the framework of the nonlinear electrodynamics. To study the amplification of the primordial magnetic field strength, we write down the gauge invariant wave equations and then solve them (in the long wavelength approximation) for three different eras of the Universe: de Sitter, the reheating and the radiation dominated era.

Constraints on parameters entering the nonlinear electrodynamics are obtained by using the amplitude of the observed galactic magnetic fields and the baryon asymmetry, which are characterized by the dimensionless parameters r ∼ 10^{−37} and ηB ≲ 9 × 10^{−11} , respectively.

PACS numbers: 98.62.En, 98.80.-k

I. INTRODUCTION

With the aim to build up a classically singularity-free theory of the electron, that is a theory in which infinite physical quantities are avoided, Born and Infeld [1] proposed a model in which additional terms or modifications of the standard electrodynamics were included. To prevent the infinite self energy of point particles (as follows from standard electrodynamics), they introduced an upper limit on the electric field strength and considered the electron as an electric particle with finite radius. In successive investigations, other examples of nonlinear electrodynamics Lagrangians were proposed by Plebanski, who also showed that Born-Infeld model satisfy physically acceptable requirements [2]. Consequences of nonlinear electrodynamics have been studied in many contexts, such a, for example, cosmological models [3], black holes and wormhole physics [4, 5], and astrophysics [6].

Recently, the nonlinear electrodynamics has been also invoked as an available framework for generating the primordial magnetic fields in the Universe [7, 8]. The latter, indeed, is a still open problem of the modern cosmology, and although many mechanisms have been proposed, this issue is far to be solved. Seed of magnetic fields may arise in different contexts, e.g. cosmological phase transitions of the early Universe [9], string cosmology [10], inflationary models of the Universe [11, 12], nonminimal electromagnetic-gravitational coupling [13, 14, 15], gauge invariance breakdown [12, 13, 16], density perturbations [17], gravitational waves in the early Universe [18], lorentz violation [19], cosmological defects [20], electroweak anomaly [21], temporary electric charge nonconservation [22], trace anomaly [23], parity violation of the weak interactions [24], Biermann type battery seed effect [25]. Once these seeds are generated, they must be amplified by means of some mechanism. Promising candidates are the dynamo mechanism [26, 27] and the protogalactic collapse and differential rotation [28]. The first mechanism allows an enhancement of the (preexisting) magnetic strength from ∼ 10^{−20} G to ∼ 10^{−6} − 10^{−5}G, the present (observed in galaxies and galaxy clusters) strength, the second one instead allows an amplification from ∼ 10^{−10} G to ∼ 10^{−6}−10^{−5}G. For a review, see [29]. Moreover, the presence of magnetic fields in the Universe has important cosmological consequences as, for example, the generation of anisotropies in CMB [30], and the primordial abundances of the light elements [Big Bang Nucleosynthesis (BBN)] [31].

In this paper, besides to study the amplification of primordial magnetic fields in the context of nonlinear electrodynamics, we also discuss the possibility that nonlinear electrodynamics might provide a framework for the so-called gravitational baryogenesis. The latter is related to the origin of the baryon number asymmetry, which is, as well known, a still open problem of the particle physics and cosmology [32]. BBN [33] and measurements of CMB combined with the large structure of the Universe [34] indicate that the order of magnitude of such an asymmetry is η_B ≡ n_B − n¯_B s ≲ 9 10^{−11} ,

where n_B (n¯_B ) is the baryon (antibaryon) number density, and s the entropy of the Universe. Conventionally, the necessary requirements for a (CPT invariant) theory able to generate the baryon asymmetry are dictated by Sakharov’s conditions [35]: 1) there must exist processes that violate the baryon number; 2) the discrete symmetries C and CP must be violated; 3) departure from thermal equilibrium. However, none of the Sakharov’s conditions is obligatory [36]. In fact, as shown in [37], a dynamical violation of CPT (which implies a different spectrum of particles and antiparticles) may give rise to the baryon number asymmetry also in a regime of thermal equilibrium.

The paper is organized as follows. In next Section we study the amplification of the primordial magnetic fields in the framework of the nonlinear electrodynamics. We shall investigate the case in which the Lagrangian is of the form L ∼ X + γX^δ, where X = F_{μν} F^{μν} /4, and γ and δ are free parameters. In Section III, after a short review of the gravitational baryogenesis mechanism [38], we investigate the possibility to generate, during the radiation dominated era, the observed baryon asymmetry if effects of nonlinear electrodynamics are taking into account. Section IV is devoted to the analysis of the amplification of primordial magnetic fields and of the gravitational baryogenesis for the nonlinear electrodynamics whose Lagrangian is of the form L ∼ X + γ/X. Conclusions are shortly discussed in Section V.

II. FIELD EQUATIONS IN NONLINEAR ELECTRODYNAMICS AND PRIMORDIAL MAGNETIC FIELD

In this Section we shall study the amplification of the primordial magnetic field for the case in which the electromagnetic field is described by a nonlinear electrodynamics. The Lagrangian density we consider is [39] L(X) = −CX − γX^δ . (II.1) where γ and δ are free parameters that with appropriate choice reproduce the well know Lagrangian already studied in literature. γ has dimensions [energy]^{4(1−δ)}. The case C = 1 and γ = 0 corresponds to the standard linear electrodynamics. The primordial magnetic field in nonlinear electrodynamics has been studied recently by Kunze [7] and Campanelli et al. [8]. Their study refer mainly during the Inflationary era of the Universe evolution. Our approach follows the paper [12], in which the electromagnetic field evolution is analyzed during the de Sitter, Rehating and radiation dominated eras. Moreover, we derive a wave equation for the electromagnetic field strength tensor F_{μν} .

In the seminal paper by Turner and Widrow (TW) [12], it was suggested that a magnetic field might be generated by quantum fluctuations during an inflationary epoch, and it could be sustained after the wave length of interest crossed beyond the horizon giving the observed field today [12]. This model invokes a coupling among the electromagnetic field and the scalar (R) and (Ricci and Riemann) tensor curvatures, which break the conformal invariance. According to TW paper, since the Universe is a good conductor (during its evolution), one expects that the magnetic flux is preserved even if the primordial magnetic field evolves. This physical behavior suggests the definition of the parameter r = ρ_B /ρ_γ , which remains (with good approximation) constant and provides an invariant measure of the magnetic field strength. Here ρ_B is the energy density of the magnetic field, and ρ_γ = π^2T^4/25 is the energy density of the cosmic microwave background radiation. In order to explain the present value of r ≈ 1 for galaxies, one needs a pregalactic magnetic field which corresponds to r ≃ 10^{−37} if dynamo amplifications are invoked, and r ≃ 10^{−8} if the galactic magnetic fields are generated, in the collapse of the protogalactic cloud, by means of the compression of the primordial magnetic field. In the last case, the dynamo processes are not necessary (see, for example, Refs. [7, 12]).

The action we consider is the electromagnetic field minimally coupled to gravity S = ∫ d^4x √ −g ( R 16πG + 1 4π L(X) ) , (II.2)

The nonlinearity breaks the conformal invariance, which is the necessary condition for amplifying the primordial magnetic fields (in fact, the minimal coupling of electromagnetic fields to a four-dimensional background is invariant under conformal transformations of the metric; therefore, the time evolution of the conformally flat metric, as the Friedamn-Robertson-Walker metric, does not affect the electromagnetic fluctuations, and no amplifications occur).

The field equations for the electromagnetic fields are ∇_ρF^{ρσ} = − ∇_μL_X L_X F^{μσ} , (II.3)

∇_μF_{νλ} + ∇_ν F_{λμ} + ∇_λF_{μν} = 0 . (II.4)

Eq. (II.4) are the Bianchi identities and L_X = dL/dX. The wave equation for F_{μν} follows by applying ∇_λ to Eq. (II.4) and then using Eq. (II.3). One gets

□F_{νλ} + [∇^μ, ∇_ν ]F_{λμ} − [∇^μ, ∇_λ]F_{νμ} = (II.5) −∇_ν ( ∇_αL_X L_X F^α_λ ) + (ν ↔ λ) , where □ = ∇^μ∇_μ and [., .] is the commutator.

Using

• 1) the cyclic identities of the Riemann tensor R_{ραβγ} + R_{ργαβ} + R_{ρβγα} = 0, • 2) the Ricci identity [∇^μ, ∇_ν ]F_{αμ} = R_{ρανμ}F^{ρμ} + R^ρ_ν F_{αρ}, • 3) the fact that the Riemann tensor can be written in terms of the Ricci tensor and the scalar curvature R as (this is true because in a system of coordinates in which the metric is conformal to the Minkowski one, the Weyl tensor C_{λμνρ} vanishes [40])

R_{λμνρ} = 1 2 (g_{λν} R_{μρ} − g_{λρ}R_{μν} − g_{μν} R_{λρ} + g_{μρ}R_{λν} ) − R 6 (g_{λν} g_{μρ} − g_{λρ}g_{μν} ) , one can rewrite Eq. (II.5) as □F_{αλ} − R 3 F_{αλ} = 1 a^2

□_ηF_{αλ} = (II.6) = −∇_α ( ∇_μL_X L_X F^μ_λ ) + (α ↔ λ) , where □_η = η^{μν} ∂_μ∂_ν is the D’Alambertian in the Minkowski spacetime. Eq. (II.6) is gauge invariant.

We work in the conformal Friedman-Lemaître- Robertson-Walker (FLRW) metric

g_{μν} = a^2(η) diag(1, −1, −1, −1) , (II.7)

where a(η) is the scale factor. The field strength tensor F_{μν} in a curved spacetime has components

F_{μν} = a^2(η) 0 −E_x −E_y −E_z E_x 0 B_z −B_y E_y −B_z 0 B_x E_z B_y −B_x 0

. (II.8)

We shall set E_i = 0.

Eqs. (II.6) are very involved. To evaluate the magnetic field strength during the three eras we are interested in, i.e. de Sitter (dS), Reheating (RH) and Radiation Dominated (RD) phases of the Universe, we concern with the evolution of the magnetic field fluctuations whose wavelengths are well outside the horizon, L_{phys} = aL ≫ H^{−1} or kη ≪ 1 [12]. In this approximation, all spatial derivatives will be neglected (long wave-length approximation). Moreover, we shall assume that the direction of the magnetic field is fixed. Therefore, using the relations F_{ij} = ε_{ijk} (a^2B_k), and the notation |F(η)| ≡ F = a^2(η)|B(η)|, the field equation (II.6) reduces to the form [ C + γδ ( F^2 2a^4 )_{δ−1}] F^{′′}+ (II.9)

+γδ(δ − 1) ( F^2 2a^4 )_{δ−2} ( F^2 2a^4 )_′ HF = 0 . The prime means derivative with respect to the conformal time η and H = a^′/a is the Hubble parameter.

It turns out convenient to express Eq. (II.9) in terms of the scale factor a. Since the scale factor varies as a(η) = a_{(α)}η^α, where α = −1, +2, +1 during the dS, RH and RD eras, respectively, while the constants a_{(α)}, that are different for three eras, are explicitly specified in (II.12), (II.15), and (II.18), we get

d^2F da^2 + [ 1 − 1 α + 4(δ − 1)F ] 1 a dF da − 8(δ − 1) F a^2

F = 0 , (II.10) where

F ≡ γδ ( F^2 2a^4 )_{δ−1}

C + γδ ( F^2 2a^4 )_{δ−1} .

The complex structure of the differential equation (II.10) does not allow to determine exact solutions. We therefore assume that during the dS, RH and RD eras the (F^2/a^4)-term is dominant, which means F ∼ 1. In this regime, a solution of (II.10) is of the form

F (η) = F_{(β)}a^β , (II.11)

where F_{(β)}, which is a constant, and β assume different values for each different phase of the Universe evolution.

A. Inflationary de Sitter (dS) phase (α = −1)

The scale factor for this epoch of the Universe is

a(η) = −a_{dS} η^{−1} ∼ − 1 H_{dS} η , (II.12)

where H_{dS} ∼ 3 × 10^{24}eV. Eq. (II.11) reads

F ∼ a^{βdS} . (II.13)

The exponent β_{dS} is given by β_{dS} ≡ p_± = 3 2 − 2δ ± √ 4δ^2 + 2δ − 23 4 . (II.14)

B. Reheating (RH) phase (α = 2)

The scale factor for this stage of the Universe is given by [19]

a(η) = a_{RH} η^2 ∼ 1 4 H^2_0 R^3_0 η^2 , (II.15)

where R_0 ∼ 10^{26}h^{−1}_0 m is the present Hubble radius of the Universe, and H_0 ∼ 100h_0km/Mpc sec is the Hubble parameter today. The solution (II.11) is of the form

F ∼ a^{βRH} , (II.16)

where β_{RH} ≡ q_± = 9 4 − 2δ ± √ 4δ^2 − δ − 47 16 . (II.17)

C. Radiation Dominated (RD) phase (α = 1)

In this last case, the scale factor of the Universe is

a = a_{RD} η ∼ H_0R^2_0 η . (II.18)

The solution for F is

F ∼ a^{βRD} , (II.19)

where β_{RD} = 3 2 − 2δ ± √ 4δ^2 − 2δ − 7 4 . (II.20)

The solutions (II.13), (II.16), and (II.19) have been determined for F ∼ 1. By using (II.11) one infers that the regime we concern applies for amplitudes of the magnetic field such that

|B(η)| ≫ B_0 , B_0 ≡ √ 2 ( C γ|δ| ) 1_{2(δ−1)} , or equivalently, in terms of the conformal time, it applies for conformal time η larger than η_∗,

η ≫ η_∗ , η_∗ ≡ 1 a_{(α)} [ √ 2 F_{(β)} ( C γ|δ| )_{1/2(δ−1)}]1/(α(β−2)) , where a_{(α)} = a_{dS}, a_{RH} , a_{RD} are defined in Eqs. (II.12), (II.15), and (II.18), and β = β_{dS} , β_{RH} , β_{RD} are given by Eqs. (II.14), (II.17) and (II.20).

The above solutions for F = F_k(a) allow to estimate the strength of the primordial magnetic field. According to Turner-Widrow model [12], if one assumes that the Universe had gone through a period of inflation at GUT scale (M_{GUT} ∼ 10^{16} ÷ 10^{17}GeV) and that fluctuations of the electromagnetic field have come out from the horizon where the Universe had gone through about 55 e-folding of inflation, then [12]

r ≈ (7 × 10^{25})^{−2(p+2)} ( M_{GUT} m_{P l} )_{4(q−p)/3} × (II.21) × ( T_{RH} m_{P l} )_{2(2q−p)/3} ( T_∗ m_{P l} )_{−8q/3} λ^{−2(p+2)} Mpc , where T_{RH} is the reheating temperature, T_∗ is the temperature at which plasma effects become dominant (i.e. the Universe first becomes a good conductor), and m_{P l} ∼ 10^{19}GeV is the Planck mass. Finally, p = p_± and q = q_± are the exponents of the scale factor a(η) during the dS and RH epochs (see Eqs. (II.13) and (II.16)). Results are independent on the parameter γ.

The temperature T_∗ can be estimated via reheating processes [12] T_∗ = min{(T_{RH} M_{GUT} )^{1/2}; (T^2_{RH} m_{P l})^{1/3}}, and for T < T_∗ ρ_B evolves as ρ_B ∼ a^{−4}. Notice

TABLE I: Values of δ for r ∼ 10^{−37} at 1Mpc and for MGUT ∼ 10^{17} GeV and TRH ∼ 10^{15} − 10^{17} GeV. The cases p+, q+ and p+, q− do not admit solutions. p, q MGUT (GeV) TRH (GeV) T∗(GeV) δ ∼ p−, q+ 10^{17} 10^{15} 10^{15} 1.280 10^{16} 10^{16} 1.278 10^{17} 10^{16} 1.265

p−, q− 10^{17} 10^{15} 10^{15} 1.315 10^{16} 10^{16} 1.295 10^{17} 10^{16} 1.297

TABLE II: Values of δ for r ∼ 10^{−37} at 1Mpc and for MGUT ∼ 10^{16} , 10^{17} GeV and TRH ∼ 10^9 GeV, T∗ ∼ 10^{12} GeV. The cases p+, q+ and p+, q− do not admit solutions. p, q MGUT (GeV) TRH (GeV) T∗(GeV) δ ∼ p−, q+ 10^{17} 10^9 10^{12} 1.331 10^{16} 1.360 p−, q− 10^{17} 10^9 10^{12} 1.375 10^{16} 1.382

that the reheating temperature T_{RH} is given by T_{RH} = {10^9GeV, M_{GUT} } [12]. Imposing that r ∼ 10^{−37}, we infer the values for the parameter δ yielding the observed strength of the cosmological magnetic field. Results are reported in Tables I and II.

Some comments are in order. First, during the radiation dominated era, the plasma effects induce a rapid decay of the electric field, whereas the magnetic field remains [12]. Moreover, the functions F (η) have been obtained for a cosmological background which evolves according to standard Cosmology. In particular, during the radiation dominated era the scale factor evolves according to the power law a ∼ η ∼ t^{1/2} (t is the cosmic time). The ”magnetic” component of the energy density, therefore, is assumed negligible with respect to the radiation energy density: ρ_{total} = ρ_{rad} + ρ_B ≃ ρ_{rad}(=^{π2g∗}_{30} T^4). The validity of the condition ρ_B < ρ_{rad}, that will be discussed in the next Section when we will study the origin of baryon asymmetry, yields a constraint on the temperature at which the nonlinear effects are active. Yet, in order that predictions of the standard Cosmology (such as BBN, CMB, and large scale structure formation) remain unaltered, we assume that after the conformal time η̃ (or after the cosmic time t̃ or the temperature T̃ ) corrections to the standard linear electrodynamics vanish, i.e. γ = 0 for η > η̃, and γ ≠ 0 for η_{RD} < η < η̃, where η_{RD} is the time when radiation-dominated era starts (that, in our model, it does coincide with the end of reheating). Of course, η̃ ≪ η_{end}, where η_{end} corresponds to the end of the radiation dominated era. Figs. 1 and 2 show the

FIG. 1: The plot represents β1 ≡ β^{(+)}_{RD} =^3_2 − 2δ + √ 4δ^2 − 2δ −^7_4 vs δ.

FIG. 2: The plot represents β2 ≡ β^{(−)}_{RD} =^3_2 − 2δ − √ 4δ^2 − 2δ −^7_4 vs δ.

behaviors of β^{(±)}_{RD} for the range of values for δ reported in Tables I and II.

III. GRAVITATIONAL BARYOGENESIS

To begin with, we shortly recall the main topics of the gravitational baryogenesis. The latter, as already pointed out, is a mechanism for generating the baryon number asymmetry during the expansion of the Universe by means of a dynamical breaking of CPT (and CP) [38]. In this approach the thermal equilibrium is preserved. The interaction responsible for CPT violation is given by a coupling between the derivative of the Ricci scalar curvature R and the baryon current J^μ [41] 1 M^2_∗ ∫ d^4x √ −gJ^μ∂_μR , (III.22)

where M_∗ is the cutoff scale characterizing the effective theory. If there exist interactions that violate the baryon number B in thermal equilibrium, then a net baryon asymmetry can be generated and gets frozen-in below the decoupling temperature T_D.

From (III.22) it follows

M^{−2}_∗ (∂_μR)J^μ = M^{−2}_∗ Ṙ(n_B − n¯_B ) ,

where Ṙ = dR/dt. Therefore the effective chemical potential for baryons and antibaryons is μ_B = Ṙ/M^2_∗ =

−μ¯_B , and the net baryon number density at the equilibrium turns out to be (as T ≫ m_B , where m_B is the baryon mass) n_B = g_bμ_B T^2/6. g_b ∼ O(1) is the number of intrinsic degrees of freedom of baryons. The baryon number to entropy ratio, that defines the baryon asymmetry, is therefore [38]

η_B = n_B s ≃ − 15g_b 4π^2g_∗ Ṙ M^2_∗ T | | |_{TD} , (III.23)

where s = 2π^2g_{∗s}T^3/45, and g_{∗s} counts the total degrees of freedom for particles that contribute to the entropy of the Universe. g_{∗s} takes values very close to the total degrees of freedom of effective massless particles g_∗, i.e. g_{∗s} ≃ g_∗ ∼ 106. η_B does not vanish provided that the time derivative of the Ricci scalar is non vanishing.

In the context of General Relativity, the Ricci scalar and the trace T_g of the energy-momentum tensor (T^{μν}_g ) are related by the relation R = −8πGT_g = −8πG(1 − 3w)ρ , where ρ is the matter density, w = p/ρ is the adiabatic parameter, p the pressure, and T_g = T^μ_{g μ}. Ṙ is zero in the radiation dominated epoch of the standard FLRW cosmology, because (in the limit of exact conformal invariance) w = 1/3. However, deviations from the standard electrodynamics prevent the Ricci curvature and its first time derivative to vanish (as seen from the point of view of the new structure of the energy-momentum tensor). Therefore a net baryon asymmetry may be generated also during the radiation dominated era (for other applications and scenarios see [38, 42, 43, 44]).

A. Gravitational Baryogenesis in nonlinear Electrodynamics

We wish now discuss the origin of the baryon asymmetry in the framework of the nonlinear electrodynamics. The epoch of the Universe we refer to is the radiation dominated era. As pointed out at the end of Sect. II, we assume that from the beginning of the radiation dominated era to time t̃ the nonlinear terms of electromagnetism are non zero. The latter may break the conformal invariance and therefore 1 − 3w ≠ 0, or equivalently, the trace of the energy momentum tensor does not vanishes. As a consequence, R and Ṙ are different from zero. In fact, by making use of the expression for the energymomentum tensor T_{g μν} = 1 4π [ ∂L ∂X F_{μα}F^α_ν + g_{μν} L ] , (III.24)

we infer that the trace T_g is given by

T_g = − γ(δ − 1) π X^δ . Eq. (II.19) implies that Ẋ = (β_{RD} − 2)HB^2, where H = ȧ/a.

By making use of the Einstein field equations H = π 3m_P √ 4πg_∗ 5 T^2 , (III.25)

the parameter η_B characterizing the baryon asymmetry (see Eq. (III.23)) can be cast in the form

η_B = 8g_b √ 5 πg_∗ (β_{RD} − 2)δ(δ − 1)γ ( B^2 2 )_δ T_D M^2_∗ m^3_P . (III.26) Eq. (III.26) expresses the baryon asymmetry in terms of parameters characterizing the nonlinear electrodynamics. In the standard case, i.e. γ = 0, η_B vanishes and no net baryon asymmetry can be generated, as expected.

Introducing the dimensionless parameter Γ ≡ γ[GeV ]^{4(1−δ)}, Eq. (III.26) can be rewritten as Γ ( B GeV^2 )_{2δ} = Nη_B GeV T_D ( M_∗ GeV )_2 ( m_P GeV )_3 , (III.27) where N ≡ √ πg_∗ 5 2^δ 8g_b(β_{RD} − 2)δ(δ − 1) . The bound η_B ≲ 9 × 10^{−11} and Eq. (III.27) give a constraint (upper bound) on the free parameter γ for fixed magnetic field strengths. For our estimates, we use the following values of parameters: As pointed out in [38], a possible choice of the cutoff scale M_∗ is M_∗ = m_{P l}/ √ 8π if T_D = M_I , where M_I ∼ 2 10^{16}GeV is the upper bound on the tensor mode fluctuation constraints in inflationary scale [45]. For T_D, we use the decoupling temperature at the GUT scale, T_D ∼ 10^{16}GeV (a decoupling temperature at the GUT scale is phenomenologically acceptable if the unwanted relics like gravitinos decoupled at the Planck scale so that they will be diluted away during inflation and will not be regenerated at reheating at the GUT scale).

In Figs. 3 and 4, and Figs. 5 and 6 are represented the behavior of Γ vs δ for magnetic field strength B ∼ 10^{−20}G and B ∼ 10^{−10}G. Figs. 3, 4 correspond to β_{RD} = β_1, whereas Figs. 5, 6 correspond to β_{RD} = β_2. The range for δ is [1.28, 1.38] derived in previous Section (see Tables I and II).

As a final comment, we analyze the validity of our approximation ρ_B < ρ_{rad}. In the regime we worked, γX^{δ−1} ≫ 1, see Section II, the energy density of the electromagnetic field reads ρ_B ∼ γ(B^2/2)^δ. By making use of Eq. (III.27) and Γ ≡ γ[GeV ]^{4(1−δ)}, we get

Γ ( B GeV^2 )_{2δ} = Nη_B ( M_∗ GeV )_2 ( m_P GeV )_3 GeV T_D . (III.28) The condition ρ_{rad} > ρ_B gives the lower bound on the temperature T

T > 1.1 × 10^{15} ( 10^{16}GeV T_D )_{1/4} GeV (III.29)

FIG. 3: Γ vs δ. Γ is plotted for βRD − 2 = −^1_2 − 2δ − √ 4δ^2 − 2δ −^7_4 and B = 10^{−10} G.

FIG. 4: Γ vs δ. Γ is plotted for βRD − 2 = −^1_2 − 2δ − √ 4δ^2 − 2δ −^7_4 and B = 10^{−20} G.

where we have used 30N 2^δπ^2g_∗

∼ O(10^{−2}). As Eq. (III.29)

shows, our assumptions are consistent for temperatures of the Universe varying in the range T_{RH} > T > T̃ , i.e. the nonlinear electrodynamics effects are active at GUT scales. In this regime, nonlinear electrodynamics allows to account for both the amplification of the primordial magnetic fields and the origin of the baryon asymmetry.

FIG. 5: Γ vs δ. Γ is plotted for βRD − 2 = −^1_2 − 2δ + √ 4δ^2 − 2δ −^7_4 and B = 10^{−10} G.

FIG. 6: Γ vs δ. Γ is plotted for βRD − 2 = −^1_2 − 2δ + √ 4δ^2 − 2δ −^7_4 and B = 10^{−20} G.

IV. THE NOVELLO-BERGLIAFFA-SALIM (NBS) MODEL OF NONLINEAR ELECTRODYNAMICS

In the framework of nonlinear electrodynamics, we shall now analyze the Novello-Bergliaffa-Salim (NBS) model [46]. This model is particularly interesting because the nonlinear terms of the electromagnetic field give rise to a ”fluid” with an asymptotically negative equation of state. Therefore, the accelerated expansion of the Universe can be attributed to these nonlinear corrections to the standard electromagnetic Lagrangian.

The Lagrangian of the nonlinear electrodynamics of the NBS model is [47] L_μ = −X − μ^8 X , (IV.30)

where [μ] = (energy)^2. It corresponds to C = 1, δ = −1 and γ = μ^8 in (II.1).

To derive an upper bound on the parameter μ, NBS assume that dark energy can be described by the nonlinear term, and using the current value for Ω_{de} = ρ_{de}/ρ_{cr}, where ρ_{cr} = 3H^2_0 /8πG is the critical energy density, they find [46]

μ^4 ≲ 3.74 × 10^{−28} gr cm^3 = 1.683 × 10^{−45}GeV^4 . (IV.31)

The extremely small value of μ implies a negligible corrections to Maxwell’s electromagnetism. Nonetheless, one should keep in mind that for extremely low magnetic field strength is the 1/F -term of the NBS Lagrangian that dominates.

A. Primordial Magnetic Field

In studying the amplification of the magnetic fields, we follow Section II. In order to obtain the required value r ∼ 10^{−37} corresponding to the observed values of the galactic magnetic field, we assume that the NBS nonlinear electromagnetism is turned off during the de Sitter

TABLE III: Values of r at 1 Mpc and for different MGUT , TRH , T∗. MGUT (GeV) TRH (GeV) T∗(GeV) r 10^{17} 10^{15} 10^{15} 10^{−38} 10^{16} 10^{15.5} 10^{−37} 10^{16} 10^{16} 10^{−47} 10^{17} 10^{16} 10^{−37}

10^{17} 10^9 10^{12} 10^{−42} 10^{16} 10^9 10^{12} 10^{−53}

era, and turns on at reheating era, till the time η̃ of the radiation-dominated era. The wave equation for F is given by (II.10) with δ = −1. As before, we assume that the (F^2/a^4)-term is dominant.

1. Inflationary de Sitter (dS) phase

If during this era the nonlinear electrodynamics effects are absent, then the wave equation for F is □_ηF = 0, whose solution is F ∼ sin kη (the solution is independent whether kη ≷ 1 as a consequence of the conformal invariance of the minimally coupled electromagnetic field [12]). In the long wavelength approximation, one obtains

F ∼ η ∼ a^{−1} . (IV.32)

2. Reheating (RH) phase

In this phase of the evolution of the Universe, the wave equation (II.10) admits the solution

F ∼ a^{(19±√105)/4} . (IV.33)

3. Radiation-dominated (RD) phase

During the RD era, finally, the solution for F is given by F ∼ a^{(9±√17)/2} . (IV.34)

Values of the parameter r are obtained using Eq. (II.21) with the exponents p and q given by Eqs. (IV.32) and (IV.33), p = −1 and q = (19 ± √ 105)/4. Results are reported in Table III.

It is interesting to notice that the NBS model allows for an amplification of the magnetic fields. In particular, we can see that the required amplification (leading to r ∼ 10^{−37}) may occur for the set of values

{M_{GUT} , T_{RH} , T_∗} = {(10^{17}, 10^{15}, 10^{15}),

(10^{17}, 10^{16}, 10^{15.5}), (10^{17}, 10^{17}, 10^{16})}GeV .

B. Baryon Asymmetry

Let us now investigate the baryon asymmetry in the framework of NBS model.

The trace of the energy-momentum tensor for the NBS nonlinear electrodynamics Lagrangian (IV.30) reads

T^{(NBS)} = ρ − 3p =

8μ^8 X , (IV.35)

which is obtained by averaging the magnetic (and electric) field on a sufficiently large time-dependent three vol- ume E_i = 0 , B_i = 0 , E_iB_j = 0 , (IV.36)

E_iE_j = −

E^2 3 δ_{ij} , B_iB_j = − B^2 3 δ_{ij} . As in the case discussed in Section III, we assume the background evolves as in the standard Cosmology, which means that the energy density of the magnetic field is lesser that the energy density of radiation. The time derivative of the Ricci scalar is given by

Ṙ = − 128(5 ± √ 17) 2 μ^8 B^2 H m^2_P

, (IV.37)

where H = ȧ/a. By using again the Einstein field equations (III.25), the net baryon asymmetry generated by nonlinear electrodynamics turns out to be

η_B = N^′ μ^8 B^2 T_D M^2_∗ m^3_P

, (IV.38)

where N^′ = N|_{δ=−1}. η_B vanishes as μ = 0. The observed baryon asymmetry can be generated provided that the temperature at which the NBS nonlinear electrodynamics is active satisfies the constraint (III.29), that is at GUT scales.

If we consider μ as a free parameter, which does not satisfy Eq. (IV.31), then bounds on μ from (IV.38) follows by using the previous values of the parameters M_∗ ∼ 10^{16}GeV , T_D ∼ 10^{16}GeV , and a fixed magnetic field strength. For example, for B ∼ 10^{−20}G, one obtains μ^4 ≲ 10^{−12}GeV^4. On the other hand, if one assumes that the bound (IV.31) holds for conformal time η such that η_{RD} < η < η̃, then to obtain the observed baryon asymmetry the magnetic field strength must be of the order ≳ 10^{−54}G, which seems to be no cosmologically interesting.

V. CONCLUSION

In this paper we have studied the amplification of the magnetic field and the origin of the baryon asymmetry in the framework of the nonlinear electrodynamics. In particular we have analyzed Lagrangian densities of the form L ∼ X + γX^δ and L ∼ X + μ^8/X. The baryon asymmetry is generated by means of the (gravitational) coupling between baryon current and curvature of the background, which is non vanishing during the radiation dominated era owing the nonlinear effects in the electromagnetism.

For the Lagrangian of the form X + γX^δ, which we have studied in the regime in which the nonlinear term dominates the standard X-term, and for the de Sitter, reheating and radiation dominated eras, we have found that the amplification of the primordial magnetic field occurs provided that the parameter δ falls in the range [1.26; 1.38]. Moreover, the analysis has been performed also for the origin of the baryon asymmetry occurring during the radiation dominated era.

As concerns the model proposed by Novello-Bergliaffa- Salim, with L ∼ X + μ^8/X, the analysis of the amplification of the primordial magnetic fields shows that the required values r ∼ 10^{−37}, necessary for explaining the observed galactic magnetic fields, is obtained provided that the electromagnetic nonlinear terms turn on at the reheating era, but are zero at the de Sitter epoch.

In conclusion, the nonlinear electrodynamics, which is the reduction in the Abelian sector of an effective model of the low energy (3+1)-QCD [48], seems a promising candidate for studying cosmological scenarios which go beyond the standard cosmology and particle physics.

Acknowledgments

H. J. M. C. thanks FAPERJ, Brazil for financial support and ICRANet Coordinating Centre, Pescara, Italy for hospitality during the early stages of this work. G.L. acknowledges the financial support of MIUR through PRIN 2006 Prot. 1006023491_−003, of a contract with the Agenzia Spaziale Italiana, and of research funds provided by the University of Salerno.

[1] M. Born, Nature (London) 132, 282 (1933); Proc. R.

Soc. A 143, 410 (1934). M. Born, L. Infeld, Nature (London) 132, 970 (1933); Proc. R. Soc. A 144, 425 (1934).

W. Heisenberg, H. Euler, Z. Phys. 98, 714 (1936). J. Schwinger, Phys. Rev. 82, 664 (1951).

[2] S.A. Guiterrez, A.L. Dudley, and J.F. Plebanski, J.

Math. Phys. 22,2835 (1981). J.F. Plebanski, Lectures on nonlinear electrodynamics, monograph of the Niels Bohr Institute Nordita, Copenhagen (1968).

[3] P. Moniz, Phys. Rev. D 66, 103501 (2002). R. Garcia- Salced, N. Breton, Int. J. Mod. Phys. A15, 4341 (2000); Class. Quant. Grav. 20. 5425 (2003); Class. Quant. Grav. 22, 4783 (2005). V.V. Dyadichev, D.V. Glt’tsov, A.G. Zorin, and M. Yu Zotov, Phys. Rev. D 65, 084007 (2002). D.V. Vollick, Gen. Rel. Grav. 35, 1511 (2003). L. Hollenstein, F.S.N. Lobo, arXiv:0807.2325 [gr-qc]. H.J. Mosquera Cuesta, J.M. Salim, M. Novello, arXiv:0710.5188 [astro-ph]. K. Bamba, S. Nojiri, arXiv:0811.0150 [hep-th]. K. Bamba, S.D. Odintsov, JCAP04 (2008) 024.

[4] E. Ayon-Beato, A. Garcia, Phys. Rev. Lett. 80, 5056 (1998); Phys. Lett. B 464, 25 (1999); Gen. Rel. Grav. 31, 629 (1999). N. Breton, Phys. Rev. D 72, 044015 (2005). K.A. Bronnikov, Phys. Rev. D 63, 044005 (2001). A. Burinskii, S.R. Hildebrandt, Phys. Rev. D 65, 104017 (2002). M. Cataldo, A. Garcia, Phys. Rev. D 61, 084003 (2000).

[5] A.V.B Arellano, F.S.N. Lobo, Class. Quant. Grav, 23, 5811 (2006); gr-qc/0604095. K.A. Bronnikov, S.V. Grinyok, Grav. Cosmol. 11, 75 (2006). F. Baldovin, M. Novello, S.E Perez Berfaglia, J.M. Salim, Class. Quant. Grav. 17, 3265 (2000).

[6] A.K. Harding, M.G. Baring, and P.L. Gonthier, Astrophys. J. 476, 246 (1997). M.G. Baring, A.K. Harding, Astrophys. J. Lett. 507, L55 (1998). M.G. Baring, Phys. Rev. D 62, 016003 (2000). A.K. Harding and D. Lai, Rep. Prog. Phys. 69, 2631 (2006). H. J. Mosquera Cuesta and J. M. Salim, MNRAS 354, L55 (2004). H. J. Mosquera Cuesta and J. M. Salim, ApJ 608, 925 (2004). H. J. Mosquera Cuesta, J. A. de Freitas Pacheco and J. M. Salim, IJMPA 21, 43 (2006) J-P. Mbelek, H. J. Mosquera Cuesta, M. Novello and J. M. Salim Eur. Phys. Letts. 77, 19001 (2007).

[7] K.E. Kunze, Phys. Rev. D 77, 023530 (2008). [8] L. Campanelli, P. Cea, G.L. Fogli, L. Tedesco, Phys. Rev.

D 77, 043001 (2008); Phys. Rev. D 77, 123002 (2008). [9] T. Vachaspati, Phys. Lett. B 265, 258 (1991). B. Cheng, A. Olinto, Phys. Rev. D bf 50, 2421 (1994). A.P. Martin, A.C. Davies, Phys. Lett. B 360, 71 (1995). T.W.B. Kibble, A. Vilenkin, Phys. Rev. D 52, 679 (1995).

[10] M. Gasperini, M. Giovannini, G. Veneziano, Phys. Rev.

Lett. 75, 3796 (1995). M. Gasperini, Phys. Rev. D 63, 047301 (2001).

[11] M. Giovannini, M. Shaposhnikov, Phys. Rev. D 62, 103512 (2000). G.B. Field, S.M. Carroll. Phys. Rev. D 62, 103008 (2000). B. Ratra, Astrophys. J. Lett. 391, L1 (1992). E. Calzetta, A. Kandus, F. Mazzitelli, Phys. Rev. D 57, 7139 (1998).

[12] M.S. Turner, L.M. Widrow, Phys. Rev. D 37, 2743 (1988).

[13] G. Lambiase, A.R. Prasanna, Phys. Rev. D 70, 063502 (2004). G. Lambiase, S. Mohanty, G. Scarpetta, JCAP 07 (2008) 019.

[14] R. Opher, U.F. Wichoski, Phys. Rev. Lett. 78, 787 (1997).

[15] K. Bamba, JCAP 0710 015 (2007); Phys.Rev.D 75, 083516 (2007).K. Bamba, C.Q. Geng, S.H. Ho, astroph/0806.1856.

[16] F.D. Mazzitelli, F.M. Spedalieri, Phys. Rev. D 52, 6694 (1995). W.D. Garretson, G.B. Field, S.M. Carroll, Phys. Rev. D 46, 5346 (1992). S.M. Carroll, G.B. Field, R. Jackiw, Phys. Rev. D 41, 1231 (1990). C. Corianó, Mod. Phys. Lett. A 47, 1253 (1992). D. Harari, P. Sikivie, Phys. Lett. B 289, 67 (1992).

[17] S. Matarrese, S. Mollerach, A. Notari, A. Riotto, Phys.

Rev. D 71, 043502 (2005). A.L. Maroto, Phys. Rev. D 64, 083006 (2001).

[18] E. Fenu and R. Durrer, astr-ph/0809.1383. C.G. Tsagas, P.K.S. Dunsby, and M. Maklund, Phys. Lett. B 561, 17 (2003). C.G. Tsagas, Phys. Rev. D 72, 123509 (2005). A.D. Dolgov, D. Grasso, Phys. Rev. Lett. 88, 011301 (2001). J.D. Barrow, C.G. Tsagas, Phys. Rev. D 77, 107302 (2008).

[19] O. Bertolami, D.F. Mota, Phys. Lett. B 455, 96 (1999). [20] T. Vachaspati, A. Vilenkin. Phys. Rev. Lett. 67, 1057 (1991).

[21] M. Joyce, M. Shaposhnikov, Phys. Rev. Lett, 79, 1193 (1997).

[22] A. Dolgov, J. Silk, Phys. Rev. D 47, 3144 (1993). [23] A. Dolgov, Phys. Rev. D 48, 2499 (1993). [24] V.B. Semikoz, D.D. Sokoloff, Phys. Rev. Lett. 92, 131301 (2004).

[25] L. Biermann, Z. Naturforsh A 5, 65 (1950). [26] Ya.B. Zeldovich, A.A. Ruzmaikin, D.D. Sokoloff, Magnetic Field in Astrophysics, Gordon and Breach, New York, 1983.

[27] E.N. Parker, Cosmical Magnetic Field, Clarenden, Oxford, England, 1979.

[28] J.H. Piddington, Aust. J. Phys. 23, 731 (1970). [29] M. Giovannini, Int. J. Mod. Phys. D 13, 391 (2004). L.M.

Widrow, Rev. Mod. Phys. 74, 775 (2002). D. Grasso, H.R. Rubinstein, Phys. Rep. 348, 163 (2001). K. Enqvist, Int. J. Mod. Phys. D 7, 331 (1998).

[30] S. Koh, C.H. Lee, Phys. Rev. D 62, 083509 (2000). M.

Gasperini, M. Giovannini, G. Veneziano, Phys. Rev. D 52, 6651 (1995). M. Gasperini, Phys. Rev. D ..., ..., (....) J. Barrow, P. Ferreira, J. Silk, Phys. Rev. Lett. 78, 3610 (1997). J. Barrow, Phys. Rev. D 55, 7451 (1997). A. Kosowsky, A. Loeb, ApJ 461, 1 (1996). M. Giovannini, Phys. Rev. D 56, 3198 (1997). T. Kolatt, astro-ph/9704243.

[31] D. Grasso, H. Rubinstein, Astropart. Phys. 3, 4714 (1995); Phys. Lett B 379, 73 (1996). P. Kernan, G. Starkman, T. Vachaspati, Phys. Rev. D 54, 7207 (1996). B. Cheng, A. Olinto, D.N. Schramm, J. Truran, Phys. Rev. D 54, 4714 (1996). B. Cheng, D.N. Schramm, J. Truran, Phys. Rev. D 49, 5006 (1994). G. Greenstein, Nature 223, 938 (1968).

[32] E.W Kolb, M.S. Turner, The Early Universe, Addison- Wesley Publishing Company, 1989.

[33] S. Burles, K.M. Nollet, M.S. Turner, Phys. Rev. D 63, 063512 (2001).

[34] C.L. Bennet et al., Ap. J. Suppl. Ser. 148, 15 (2003). [35] A.D. Sakharov, JETP Lett. 5, 24 (1967). [36] A.D. Dolgov, Phys. Rep. 222, 309 (1992) [37] A. Cohen, D. Kaplan, Phys. Lett. B 199, 251 (1987). [38] H. Davoudiasl, R. Kitano, G.D. Kribis, H. Murayama, P.

Steinhardt, Phys. Rev. Lett. 93, 201301 (2004). [39] The more general expression for L includes a dependence on Y , i.e. L = L(X, Y ), where Y =^1_4 Fμν^∗F^{μν} ,^∗F^{μν} = 1 2 √ −g ε^{μναβ} F_{αβ} (ϵ0123 = 1). In this paper we set Y = 0.

[40] S. Weinberg, Gravitation and Cosmology, J. Wiley & Sons, New York, 1972.

[41] J^μ may be replaced by any current which yields a net B −L charge in thermal equilibrium; here B and L stand for baryon and lepton number, respectively.

[42] S. H. S. Alexander, M. E. Peskin, M. M. Sheikh- Jabbari, Phys. Rev. Lett. 96, 081301 (2006). H.M. Sadjadi, Phys.Rev.D 76, 123507 (2007). S. Mohanty, A.R. Prasanna, G. Lambiase, Phys. Rev. Lett. 96, 071302 (2006). G. Lambiase, S. Mohanty, JCAP12 (2007) 008. G. Lambiase, G. Scarpetta, Phys. Rev. D 74, 087504 (2006); J. of Physics, Conference Series 67, 012055 (2007). G. Lambiase, Phys. Lett. B 642, 9 (2006).

[43] M.C. Bento, R. Gonzalez Felipe, N.M.C. Santos, Phys.

Rev. D 71, 123517 (2005). H. Li, M. Li, X. Zhang, Phys. Rev. D 70, 047302 (2004). B. Feng, H. Li, M. LI, X. Zhang, Phys. Lett. B 620, 27 (2005). T. Shiromizu, K. Koyama, JCAP 07, 011 (2004).

[44] C.-Y. Cheng, Y.G. Shen, B. Feng, hep-ph/0508059.

A. De Felice, M. Trodden, Phys. Rev. D 72, 043512 (2005). M. Li, W.B. Feng, X. Zhang, Phys. Rev. D 65, 103511 (2002). M. Li, X. Zhang, Phys. Lett. B 573, 20 (2003). G.L. Alberghi, R. Casadio, A. Tronconi, hep-ph/0310052.

[45] W.H. Kinney, E. Kolb, A. Melchiorri, A. Riotto, Phys.

Rev. D 74, 023502 (2006).

[46] M. Novello, S.E. Perez Bergliaffa, J. Salim, Phys. Rev. D 69, 127301 (2004).

[47] The Lagrangian (IV.30) presents a singularity in X = 0.

To prevent it, one may consider the more general case [49] Lμ = −X + (−μ^8) √ X^2 + β^2 , where [β] = (energy)^2. The correpsonding energy density ρ and pressure p are

ρ = −L − 4E^2LX =

B^2 2 + μ^8 √ X^2 + β^2 , p = 4 3 (E^2 − 2B^2)LX = = B^2 6 − μ^8 √ X^2 + β^2 [ 1 + 8 3 XB^2 X^2 + β^2 ] , The trace of the energy-momentum tensor reads

T^{(NBS)} = ρ − 3p =

4μ^8 √ X^2 + β^2 [ 1 + X^2 X^2 + β^2 ] . [48] H. Pagels, E. Tomboulis, Nucl. Phys. B 143, 485 (1978).

H. Arodz, M. Slusarczyk, A. Wereszcynski, Acta. Pol. B 32, 2155 (2001). M. Slusarczyk, A. Wereszcynski, Acta. Pol. B 34, 2623 (2003).

[49] J. P. Mbelek, H. J. Mosquera Cuesta, MNRAS 389, 199 (2008).