hep-ph/9902274 v2 14 Jul 1999

Preheating in Generalized Einstein Theories

Anupam Mazumdar and Luís E. Mendes Astrophysics Group, Blackett Laboratory, Imperial College London, SW7 2BZ, U. K. (July 14, 1999)

We study the preheating scenario in Generalized Einstein Theories, considering a class of such theories which are conformally equivalent to those of an extra field with a modified potential in the Einstein frame. Resonant creation of bosons from oscillating inflaton has been studied before in the context of general relativity taking also into account the effect of metric perturbations in linearized gravity. As a natural generalization we include the dilatonic/Brans-Dicke field without any potential of its own and in particular we study the linear theory of perturbations including the metric perturbations in the longitudinal gauge. We show that there is an amplification of the perturbations in the dilaton/Brans-Dicke field on super-horizon scales (k ! 0) due to the fluctuations in metric, thus leading to an oscillating Newton’s constant with very high frequency within the horizon and with growing amplitude outside the horizon. We briefly mention the entropy perturbations generated by such fluctuations and also the possibility to excite the Kaluza-Klein modes in the theories where the dilatonic/Brans-Dicke field is interpreted as a homogeneous field appearing due to the dimensional reduction from higher dimensional theories.

PACS numbers: 98.80.Cq Imperial preprint Imperial-AST 99/2-1, hep-ph/yymmmnn

I. INTRODUCTION

One of the most important epochs in the history of inflationary Universe is the transition from almost De Sitter expansion to the radiation dominated universe. Until few years ago proper understanding of this phenomena was not well established. Recent development in the theory of resonant particle creation of bosons [1] as well as fermions [2] due to coherent oscillations of the Bose-condensate inflatons may explain satisfactorily the emergence of radiation era from the ultra cold inflationary universe [1]. Although such phenomena are hard to reproduce in a laboratory they are the simplest manifestation of a slowly varying scalar field which rolls down the potential and oscillates as a coherent source at each and every space time region. Apart from reheating the universe to the temperature ambient for the production of light nuclei this phenomena has multifaceted consequences. It is also a well known mechanism to create non-equilibrium environment which can be exploited for the generation of net baryon antibaryon asymmetry required for the baryogenesis [3]. If there exist general chiral fields, then, in particular, breaking of parity invariance could also lead to different production of left and right fermions. If the rotational invariance is broken explicitly by an axial background then there would be anisotropic distribution of fermions [4]. The same phenomena is also responsible for the generation of primordial magnetic field [5,6] in the context of string cosmology, where the dynamical dilaton field plays the role of an oscillating background.

The preheating scenario has been studied so far in the context of general theory of relativity. It has been well established from the present observations that this theory of gravitation is the correct description of space-time geometry at scales larger than 1 cm. There exists a class of deviant theories which are scalar-tensor gravity theories, known as Generalized Einstein Theories (GET) of which the Jordan–Brans–Dicke (JBD) theory [7,8] is the simplest and best-studied generalization of general relativity. This theory leads to variations in the Newtonian gravitation ”constant” G, and introduces a new coupling constant ω, with general relativity recovered in the limit 1/ω → 0. The constraint on ω based on timing experiments using the Viking space probe suggests that it must exceed 500 [9]. The JBD theory also mimics the effective lagrangian derived from low energy scale of the string theory where the Brans-Dicke (BD) field is called Dilaton and the coupling constant ω takes the negative value of −1 [10]. It also represents the (4 + D) dimensional Kaluza–Klein theories with an inflaton field which has mainly two subclasses out of which we shall consider the one where the inflaton is introduced in an effective four dimensional theory. In this case the BD/dilaton field plays the role of homogeneous scalar field in 4 dimensions and is related to the size of the compactification. Most of these models are conformally equivalent and can be recast in the form of Einstein gravity theory [12]. The only difference is that the scaling of the fields and their corresponding couplings will be different for different interpretations of BD/dilaton field.

In this paper we shall consider the general relativity limit of the JBD theory as well as other variant theories such as string and Kaluza–Klein and for the sake of consistency we just use one representative of the coupling constant, γ, which takes different values accordingly. We must say that there is an obvious advantage in all these theories that they are well constrained at the present day and the evolution of the BD/dilaton field is roughly constant after a period of 60 e-foldings of inflation. Here we shall not consider the potential in the dilatonic/BD sector and we assume that the evolution of the dilaton/BD field during the oscillatory phase is solely due to its coupling with the inflaton in the Einstein frame. We assume the quadratic potential, V (ϕ) =^1_2 m^2ϕ^2 for the inflaton field. It is to be noticed that during the oscillatory phase the field ϕ decreases in the same way as the density of non-relativistic particles of mass m : ρ_ϕ =^1_2ϕ̇^2 +^1_2 m^2ϕ^2 ≈ a^{−3}, provided the coupling γ is very small as in the case of JBD. For simplicity we discuss the physics of weak coupling and at the end we comment on the strong coupling limits which we get numerically. In the weak limit the coherent oscillations of the homogeneous scalar field correspond to a matter dominated equation of state with vanishing pressure. This suggests that BD field should evolve according to a well known solution during the dust era [11].

Apart from the study of non-perturbative creation of bosons and fermions during preheating, metric perturbations have also been studied extensively in [13] and [14]. It has been shown that the metric perturbations also grow during preheating in the multi-scalar case due to the enhancement of the entropy perturbations. It is also possible to amplify the super-horizon modes causally. Such amplification requires the linear theory of gravitational perturbations to be supplanted by non-linear perturbation theory. In [13] the authors have discussed the two fields case in particular where the first one (ϕ) represents the inflaton and the second (σ) represents the newly created bosons with an interaction with the inflaton of the form^1_2 gϕ^2σ^2. Perturbations in σ get amplified along with the metric perturbations. They have argued that all the fields would be possibly amplified except the inflaton which is subdued by transferring its energy to the other fields. Following their claim it is also possible to amplify the other fields such as dilaton/BD field as they are also coupled to the inflaton and can be cause of some concern. In the concluding section we devote ourselves to the discussion of these issues.

II. THE EQUATIONS

In JBD theory the action in the Jordan frame [7] S = ∫ [ Φ_{BD} 16π R̂ + ω^2 16πΦ_{BD} ĝ^{μν} ∂_μΦ_{BD} ∂_ν Φ_{BD} + 1 2 ĝ^{μν} ∂_μϕ∂_νϕ − V (ϕ) ] √ −ĝd^4x , (1)

is transformed into Einstein frame S = ∫ [ 1 2κ^2 R + 1 2 g^{μν} ∂_μχ∂_ν χ − U (χ)+ 1 2 e^{−γκχ}g^{μν} ∂_μϕ∂_νϕ − e^{−2γκχ}V (ϕ) ] √ −gd^4x , (2) through the conformal transformation g_{μν} = Ω^2ĝ_{μν} ,

Ω^2 ≡ κ^2 8π Φ_{BD} ≡ e^{(κχ/} √_{ω+3/2)} , (3)

where κ^2 = 8πG, γ is a constant related to ω and χ and ϕ are the BD and inflaton fields respectively. For our concern γ =^1√_{ω+3/2} and U (χ) = 0 (see however the dis-

cussion below and on Sec. III). Observational constraints give ω > 500 so that γ < 0.09 ≪ 1. In the dimensionally reduced theories the original action is different from Eq. (1) but it is still possible to conformally transform it to Eq. (2) [12]. In this case χ and the coupling γ are given by χ = [ 2(D + 2) D ]_{1/2} ln Φ_{BD} , (4) γ = [ 2D D + 2 ]_{1/2} , (5)

where Φ_{BD} ≡ (b/b_0)^{D/2}, b is the radius of compactification and b_0 its present value. Notice that in the Kaluza- Klein case it is possible to make U (χ) = 0 only when the extra dimensions are compactified on a torus which has zero curvature. Compactifying the extra dimensions on a sphere will give rise to a mass to the dilaton corresponding to the curvature of the sphere. In Sec. III we shall come back to this point again and discuss what should we expect if such a term is also included in the lagrangian. The number of extra dimensions is D and γ can at most take a value √ 2. In the superstring case γ is exactly √ 2 [15]. As we have already mentioned during radiation and matter domination χ has to be roughly constant in order to comply with the observational data [16] and to reproduce the correct value of the gravitational constant today. In most of the models the evolution of the extra dimensions is also treated to be constant during the radiation era [17].

A. Equations of Motion

We shall perform our calculation in the Einstein frame, Eq. (2), for simplicity. The homogeneous equations of motion for a zero–curvature Friedmann universe are

χ̈ + 3Hχ̇ + γ 2 e^{−γχ}ϕ̇^2 − 2γe^{−2γχ}V (ϕ) = 0 , (6)

ϕ̈ + 3Hϕ̇ − γχ̇ϕ̇ + e^{−γχ}V^′(ϕ) = 0 , (7) 1 3 [ 1 2 χ̇^2 + 1 2 e^{−γχ}ϕ̇^2 + e^{−2γχ}V (ϕ) ] = H^2 , (8)

with an overdot denoting time derivation and a prime denoting partial derivative with respect to ϕ. We use natural units where κ^2 = 1. We do not pay much attention to the field equations during inflation, since much has been studied in this area [15,18], rather we concentrate on the coherent oscillations of the inflaton. Before we turn to linear perturbation theory we should mention that we have to introduce the bosons resonantly produced from the non-perturbative decay of inflaton field which we shall denote by σ. We consider the coupling of σ particles with the inflaton to be^g_2 ϕ^2σ^2, where g is the coupling strength. Hence, the old potential is modified during oscillations due to the presence of massless σ particles: V (ϕ, σ) = 1 2 m^2ϕ^2 + 1 2 gϕ^2σ^2 . (9)

In the Heisenberg representation the equation of motion for the scalar field σ can be expressed in terms of the temporal part of the mode with comoving momentum k, σ̈ + 3Hσ̇ − γχ̇σ̇ + [ k^2 a^2(t) + gϕ^2e^{−γχ} − ζR ] σ = 0 , (10)

where ζ is the nonminimal coupling to the curvature, which we shall not take into account. This is the equation of great importance for the study of resonant creation of σ (details can be seen in [1]). This particular equation takes the form of the well known Mathieu equation after redefining the field. This equation has very rich properties, and its solutions can fall into two categories, either stable or unstable depending on the choice of two parameters (A(k), q), defined later [21].

B. Linear Perturbations

Linear perturbations can be taken into account in a gauge invariant fashion using the longitudinal gauge. We write the perturbed metric as

ds^2 = (1 + 2Φ)dt^2 − a^2(t)(1 − 2Ψ)δ_{ij}dx^idx^j , (11)

where Φ and Ψ are gauge invariant metric potentials. The Fourier modes satisfy the following equations of motion which are derived perturbing the Einstein’s equations [19,20].

Φ = Ψ , (12)

Φ̇ + HΦ = 1 2 [ χ̇δχ + e^{−γχ}ϕ̇δϕ + e^{−γχ}σ̇δσ ] , (13)

δχ̈ + 3Hδ̇χ + [ k^2 a^2 − γ^2 2 e^{−γχ}ϕ̇^2 + 4γ^2e^{−2γχ} · V (ϕ, σ) ] δχ +γe^{−γχ}ϕ̇δϕ̇ − 2γe^{−2γχ}V (ϕ, σ)_{,ϕ}δϕ − 2γe^{−2γχ}V (ϕ, σ)_{,σ}δσ = 4Φ̇χ̇ + 4e^{−2γχ}V (ϕ, σ)Φ , (14)

δϕ̈ + (3H − γχ̇)δϕ̇ + [ k^2 a^2 + e^{−γχ}V (ϕ, σ)_{,ϕ,ϕ} ] δϕ +e^{−γχ}V (ϕ, σ)_{,ϕ,σ}δσ − γϕ̇δχ̇ − γe^{−γχ}V (ϕ, σ)_{,ϕ}δχ = 4Φ̇ϕ̇ − 2e^{−γχ}V (ϕ, σ)_{,ϕ}Φ , (15) δσ̈ + (3H − γχ̇)δσ̇ + [ k^2 a^2 + gϕ^2e^{−γχ} ] δσ +2gσϕe^{−γχ}δϕ − γσ̇δχ̇ − γgϕ^2 σe^{−γχ}δχ = 4Φ̇σ̇ − 2gϕ^2σe^{−γχ}Φ , (16)

where δϕ, δχ and δσ are gauge invariant perturbations in the respective fields. At this point the evolution equations for the background are not determined by Eqs. (6– 8); rather they are modified by the presence of σ particles. For the Friedmann equation (Eq. (8)) we now have 1 3 [ 1 2 χ̇^2 + 1 2 e^{−γχ}ϕ̇^2 + 1 2 e^{−γχ}σ̇^2 + e^{−2γχ}V (ϕ, σ) ] = H^2 . (17)

Similarly, the homogeneous equations for χ and ϕ, Eqs. (6) and (7) are to be modified accordingly with V (ϕ) replaced by V (ϕ, σ) and V^′(ϕ) replaced by V (ϕ, σ)_{,ϕ}. It is worth mentioning that in the absence of σ field and the metric perturbation it is possible to express the perturbation in the BD field in a simpler form. Let us further note that in an expanding universe without BD field the behaviour of the inflaton field is ϕ ≈^{sin(mŒt)}_{mŒt} and the scale factor goes like a(t) ≈ a_0(^t_{t0} )^{2/3}. In the presence of the BD field this is modified to a(t) ≈ a_0(^t_{t0} )^{(2ω+3)/(3ω+4)}, such that in the large ω limit it reduces to the previous one. We expect similar modification in the behaviour of an inflaton field. For our calculation sake we can assume that the modified evolution of the inflaton for ω > 500 and γ < 0.09 is

ϕ ≈ (1 + O(γ)) sin(m_ϕt) m_ϕt . (18)

For our purpose the exact numerical expression for O(γ) does not matter because we are retaining the lowest order in γ. Simplifying the perturbed BD field Eq. (14) with the help of Eq. (18) and noting that δχ can be rescaled by introducing u = a^{3/2}(t)δχ(t) and z = m_ϕt, we get

d^2u dz^2 + [ k^2 a^2m^2_ϕ + 3 4 γ^2 z^2 − 5 4 γ^2 z^2 cos(2z) ] u = 0 . (19)

The above equation resembles the Mathieu equation [21]:

x^{′′} + [A(k) − 2q cos 2z] x = 0 . (20)

with A(k) = k^2 a^2m^2_ϕ + 3 4 γ^2 z^2

, (21) q = 5 8 γ^2 z^2

. (22)

Since q ≪ 1 we are never in the broad resonance regime which is essential to amplify the modes during the oscillations of the scalar field in presence of expansion. In this case we are always in the narrow resonance regime [1].

During preheating the resonant modes should grow as δχ_k ∝ exp(μ_kt), where μ_k is the Floquet index and its analytical estimation has been done in [1] for the bosonic fields, μ_k ≈ ln(1 + 2e^{−π(k/agϕ0)2} − Q), where Q is contributed by the initial and final quantum states of the created bosons, which in the case of preheating are not thermal but have the characteristics of a squeezed state [1]. As it has been pointed out in [13], the resonant production of newly created bosons grows for k = 0, so the super-Hubble modes are present even in the absence of metric perturbation. In this case however, the BD modes are not amplified. We recognize that in the Einstein equations as we perturb the matter sector we automatically perturb the gravitational sector, and gravity being a source of negative heat capacity it can only transfer energy to the metric perturbation which acts back to the matter sector enhancing the resulting perturbation in the matter fields. Energetically it is easier to transfer energy to the lowest modes so most of the energy is transfered to Φ_{k=0} and that is the reason why k = 0 is favoured.

C. Numerical Result

Our analytical approximation breaks down as we increase the numerical value for the coupling constant γ and the perturbation equations become intractable as we introduce the metric perturbations. Hence we solve the system of fourteen first order differential equations numerically. Here while solving the homogeneous equation for σ we consider only the zero mode contribution, hence Eq. (10) can be treated as a homogeneous background equation for the linear perturbation in σ with k = 0. By doing so we neglect the zero mode contribution from the metric potential and including the zero mode metric contribution can only lead to enhancement in the amplification in the matter and the BD/dilaton sector as discussed in [13]. For our numerical calculation we have assumed that the perturbation in ϕ and in χ contains the generic, scale invariant spectrum produced during inflation. We set Φ_k(t_0) = 10^{−5} and we also consider the same initial conditions for the fluctuations in the BD/dilaton and the fluctuations in the matter fields δχ_{k=0} = δϕ_{k=0} = δσ_{k=0} = 10^{−5} while the corresponding time derivatives are set to zero^∗. The initial condition for σ is that of a plane wave solution and the BD/dilaton field χ is assumed to be very small ≪ 1 to match the present strength of the gravitational constant.

We have plotted the fluctuations in the BD/dilaton field and the perturbations in the σ field for k = 0. In

�We have chosen our initial conditions to be scale-invariant i.e. independent of k. There are however other subtleties involved in deciding the initial conditions. For a recent discussion we refer to [13].

the weak limit for γ = 0.09, the perturbations do not grow much and they saturate much earlier in comparison with the strong coupling limit, such as γ = 1.22, which, in the case of a Kaluza-Klein theory corresponds to 6 extra dimensions compactified to a six dimensional torus. In the strong limit case the non-linearity is achieved as soon as the metric perturbation Φ = 1. It is obvious that for Kaluza-Klein theories and for string motivated theories the linear theory soon becomes invalid unless the backreaction is taken into account. It is important to notice that our q parameter is not the same as in general relativity. Instead of defining the q parameter to be q = g^{ϕ20}_{m2Œ} , where ϕ_0 is the initial amplitude of the inflaton field, which is 0.08M_{P l} in our case, in presence of the BD field q is modified by an exponential factor q = g^{ϕ20}_{m2Œ} e^{−γχ}. The negative sign in the exponent drags down the q parameter. For the above figures g^{ϕ20}_{m2Œ} = 9.10^3. There is some difference between the perturbations in σ and χ as visible from the plots. It is important to note that χ has as such no potential with minima unlike ϕ and σ fields which oscillate around the minima of their respective potentials and for the modes outside the horizon the perturbed χ field almost stops oscillating and starts growing exponentially. The increment in the perturbations in the strong coupling limit can be understood qualitatively. Let us first see how the scale factor behaves in these two cases. As we have already discussed the oscillations in the inflaton field on average correspond to zero pressure. This suggests that the BD/dilaton field on average evolves similar to the matter dominated era, and in presence of the BD/dilaton a(t) ≈ a_0(^t_{t0} )^{(2ω+3)/(3ω+4)}. For large ω and small γ, the growth in a(t) is roughly the same as in general relativity, but for small ω and γ close to √ 2, the departure of the behaviour of the inflaton oscillations from general relativity is quite significant. Since ϕ ∼ 1/t ∼ 1/a^{(3ω+4)/(2ω+3)}, for small ω, the amplitude of the inflaton decreases slowly compared to the general relativity limit, therefore leading to a remarkable growth in the production of σ particles.

D. Perturbing Newton’s Constant

In [28] the authors have considered the oscillations in the Newton’s constant by introducing a potential for the BD field explicitly and concluded that G oscillates about its mean value and for reasonable values of the mass of the BD field (m ≥ 1 GeV), the oscillations have very high frequency, ν^{−1} ≪ 1 s, compared to the Hubble expansion. In their case however the amplitude of the oscillations is exponentially small, and the oscillation energy is dissipated through Hubble redshift. Considering our scenario, where we do not have to invoke the potential for the BD explicitly, the perturbations in the BD field will cause the oscillations in the Newton’s constant in the Jordan frame even if the modes are well within the

FIG. 1. The evolution of ln δχ for g Œ^{20}m_2 Œ = 9.10^3, k = 0 and

γ = 1.22 corresponds to D = 6 extra compactified dimensions.

FIG. 2. The evolution of ln δσ for g Œ^{20}m_2 Œ = 9.10^3, k = 0 and

γ = 1.22 corresponds to D = 6 extra compactified dimensions.

horizon. Such oscillations will not only have a temporal but also a spatial variation. As we approach to k = 0 mode, gradually the amplitude of such oscillations also increases exponentially in time and causes a large variation in the Newton’s constant. Such oscillations are certainly permissible but whether they would withstand all known tests from cosmology and general relativity is not known at the moment. It is expected that the classical fluctuations will lead to non linearity after some time and the linear theory of perturbation will break down when Φ = 1. Such provocative interpretation of the Newton’s constant and the non-decayable property of the BD field could be the source of dark matter in our universe.

Had we introduced a potential with a minimum for the BD/dilaton field, superimposed on the exponential growth, we should also see small oscillations with frequency and amplitude depending on the exact form of the potential.

FIG. 3. The evolution of ln δχ for g Œ^{20}m_2 Œ = 9.10^3, k = 0 and

γ = 0.09 corresponds to ω = 500 in JBD theory.

FIG. 4. The evolution of ln δσ for g Œ^{20}m_2 Œ = 9.10^3, k = 0 and

γ = 0.09 corresponds to ω = 500 in JBD theory.

E. Entropy Perturbations

During inflation the presence of BD field renders the three-curvature of comoving hypersurfaces in terms of Bardeen’s gauge invariant quantity ζ time varying on super horizon scales, thus producing not only adiabatic but also isocurvature perturbations [18,25]. It has been estimated in [18] that at the end of inflation when χ is very close to zero the metric perturbation is dominated by the adiabatic contribution and at the time of horizon crossing the fractional energy density fluctuations in χ are much smaller than the adiabatic ones. This suggests that the isocurvature fluctuations in the JBD model are negligible. If we assume that the BD field is a candidate for the cold dark matter then one can estimate its energy density from the exact solution of the BD field during the dust era, which is a good approximation during the oscillatory phase when the average pressure becomes zero and energy density falls as 1/t. Since ρ_χ = 1 2 χ̇^2 ∼= γ^2ρ , (23)

where ρ is the post inflationary energy density of the universe, it is obvious that the energy density of the BD field is negligible when compared to the total. Usually for multiple fields the difference between the relative perturbations are defined as entropy perturbation S_{1,2} [22] by: S_{1,2} = δρ_1 ρ_1 + p_1 − δρ_2 ρ_2 + p_2

. (24)

where ρ_1, ρ_2, p_1, p_2 are respectively the energy densities and pressures. For non-adiabatic initial conditions δχ/χ̇ ≠ δϕ/ϕ̇ ≠ δσ/σ̇, S_{χ,ϕ}, S_{χ,σ} and S_{σ,ϕ} would not vanish, thus producing entropy perturbation inside as well as outside the horizon. Thus for superhorizon modes isocurvature fluctuations would evolve though adiabatic fluctuation would have frozen. The growth in the isocurvature perturbation outside the horizon gives the tilt in the spectrum, which is usually blue shifted and roughly estimated by the ratio of effective mass square of the CDM field and square of the Hubble expansion. If χ is treated as a CDM field then the effective mass is roughly γ^2V (ϕ, σ), the main contribution coming from the large coupling 0.5gϕ^2σ^2, but the coupling is subdued by the presence of γ^2, provided we are in a weak limit JBD theory. In string motivated and in Kaluza-Klein theories the effective mass increases a lot. During preheating the Hubble expansion is very small compared to the effective mass and thus results in an extreme blue tilt specially in string motivated theories.

F. Shaking the Kaluza-Klein Modes

As we have described, depending on the numerical value of the coupling constant, γ, the role of χ also changes, and in fact it covers a wide range of theories from effective action for superstring models to JBD theories. If Φ_{BD} is interpreted as a homogeneous field which appears as an effective mass term for the Kaluza-Klein modes [26] in the effective four dimensional Kaluza-Klein action defined as M^2_l (Φ_{BD} ) then, as mentioned before, the BD/dilaton can be related to the radius of the compactified D dimensions if the compactification is done on a D dimensional torus or on sphere. In terms of χ:

χ = χ_0 ln [ b b_0 ] , (25)

χ_0 = √ D(D + 2) 2 . (26)

If the extra dimensions are compactified on a sphere then the mass M_l(χ) of the four dimensional Kaluza-Klein field ϕ_{lm} in terms of χ

M^2_l (χ) = l(l + D − 1) b^2_0 e^{−(D+2)χ/χ0} . (27)

In the usual case, χ is assumed to be very close to zero after inflation and its variation is assumed to be negligible in radiation and matter dominated eras. That leads to very high mass of these modes, very close to Planck scale and proportional to the inverse square of the radius of the extra dimensions. During reheating the perturbation in χ grows exponentially in time and that causes fluctuations in the mass of the Kaluza-Klein modes. The perturbations effectively give rise to the Casimir force as a fluctuating boundary condition for the D dimensional sphere. This in fact can stabilize the potential for the homogeneous scalar field, in our notation Φ_{BD} . Though we have neglected such potentials in our analysis since we have concentrated on the compactification on a torus, in this case the Kaluza Klein mass scale is still inversely proportional to the square of the size of the compactification radius. If the compactification is done on a sphere and if a potential term for the dilaton is taken into account then the effect of resonance will be even more pronounced. However, the potential lacks a local minima and in order to stabilize it one needs to invoke the Casimir effects at a 1-loop level. The issue raises a few questions such as particle creation in the external dimensions due to fluctuating boundary and their stability requires a detailed study.

If the Kaluza-Klein modes are excited their excitations may also give rise to some undesirable particles such as the pyrgon [27], whose energy density decreases as a^{−3}, giving during the radiation era ρ_{pyrgon} /ρ_{rad} ∼ a. Their stringent requirement to decay [27] can enhance their life time and they can be a candidate for dark matter. Overproduction of such particles could have overcome the critical density, but their number density could have been diluted by invoking a secondary phase of inflation. Such a phase is also desirable to smoothen the large super horizon resonances as mentioned in [13].

III. CONCLUSIONS

We have studied the preheating scenario in the context of scalar-tensor theories. We have discussed the linear perturbation theory and showed that the perturbations in BD/dilaton field grow outside the horizon. The interpretation of such modes is not very clear at the moment but one may hope that by including backreaction in a consistent way may solve this problem. Nevertheless, including perturbations in the BD/dilaton field introduces new physics well within the horizon such as temporal and spatial variation in Newton’s constant. Such perturbations could play an important role during structure formation and it is important to see whether such variations in G could be detected or not. In the strong coupling regime fluctuations in χ field grow faster than the fluctuations in the case of weak coupling (JBD theory) for the zero mode and can also excite the Kaluza-Klein modes by lowering the mass of ϕ_{l,m}. Such excitations can give rise to highly non-interacting quanta which can be a very good candidate for the present dark matter.

We have also discussed the entropy perturbations during reheating which are solely due to the fact that there is more than one scalar field and the initial conditions in the relative density fluctuations in the respective components are non-adiabatic. In general relativity the reason behind such super amplification in the fluctuations is due to the enhancement in the entropy perturbations outside the horizon. In our case such amplification is even stronger especially in the strong coupling case because we have an extra field which contributes its fluctuations to the entropy perturbation. Isocurvature fluctuations will be generated with a large tilt in string motivated and Kaluza-Klein theories provided BD/dilaton is treated as a CDM field.

Here we must point out that we have intentionally neglected the potential term coming from the dilaton sector. Such a scheme is possible provided the extra dimensions are compactified on a torus and not on a sphere. Compactifying on a sphere gives rise to a term proportional to the curvature of the sphere and such a term acts as a potential for the dilaton. However, as we noted before, the curvature term lacks the global minima in the direction of the dilaton field and one has to invoke the first order Casimir corrections at a 1-loop level to give rise to a global minimum. Parametric excitations of the Kaluza-Klein modes in such a potential have already been discussed in [26] but the author has not taken the metric perturbations into account. Inclusion of the dilaton potential may even enhance the metric perturbation as it acts as an extra source term for Eq. (15). Concrete predictions requires a detailed study and it is worth investigating this point as a separate issue. We must mention that recently there has been an intense discussion upon the initial conditions for the perturbations in the matter and in the BD/dilaton fields. We have chosen our initial conditions to be scale invariant. There have been other proposals such as the commonly used quantum plane wave initial conditions for the fluctuations in the fields. This however favours small k modes more than the large k modes. Another attractive proposal can be evolving the BD/dilaton from 60 e-foldings before the end of inflation when aH ≪ k until the horizon crossing and then subsequently evolving the fields during the oscillatory phase. These are open issues which require further investigation. Our analysis was mainly restricted to the k → 0 mode but we should also expect the same physical consequences for other modes excited during preheating although with a much smaller magnitude.

The issue of backreaction becomes important after a few inflaton oscillations and the subject becomes almost intractable as we increase the number of fields gradually. Backreaction has been considered before by many authors [1], but in our situation we have to worry about the contribution coming from the BD/dilaton sector also. A self consistent study of the inflaton and the σ particles should take into account the effective change in the mass of the inflaton but in this case such corrections will be larger due to the contribution from the BD/dilaton sector. Similarly, the BD/dilaton will also acquire an effective mass. To make a complete picture one must answer all these relevant issues and we leave them for future investigation. We also point it out that our analysis has ignored the the contribution coming from Φ_{k=0} to the background evolution equations. Inclusion of such terms will certainly help to amplify the fluctuations even faster and we can expect the fluctuations to become non-linear before. The aspects of non-linearity in the gravitational sector is least understood and the further evolution of the non-linear modes will become important leaving an imprint on the cosmic microwave background radiation which will be the ultimate verification for the validity of such claims.

ACKNOWLEDGMENTS

A.M. is supported by the Inlaks foundation and the ORS award. L.E.M. is supported by FCT (Portugal) under contract PRAXIS XXI BPD/14163/97. We are grateful to Andrew Liddle for discussions on various aspects of perturbation theory. We also thank Juan García-Bellido and Ian Grivell for stimulating discussions. L.E.M acknowledges discussions with Alfredo Henriques and Gordon Moorhouse.

[1] L. A. Kofman, A. D. Linde, and A. A. Starobinsky, Phys.

Rev. Lett. 73, 3195 (1994); L. A. Kofman, A. D. Linde, and A. A. Starobinsky, Phys. Rev. D 56, 3258 (1997); Y. Shtanov, J. Traschen, and R.H. Brandenberger, Phys. Rev. D 51, 5438 (1995); D. Boyanovsky et. al., Phys. Rev. D 51, 4419 (1995).

[2] J. Baacka, K. Heitmann, and C. Patzold, Phys. Rev. D 58, 125013 (1998); P. B. Greene and L. Kofman, hepph/9812289.

[3] E. W. Kolb, A. Linde, A. Riotto, Phys. Rev. Lett. 77, 4290 (1996); D. S. Salopek, J. R. Bond, J. M. Bardeen, Phys. Rev. D 40, 1753 (1989); B. A. Bassett and F. Tamburini, Phys. Rev. Lett. 81, 2630 (1998).

[4] A. L. Maroto and A. Mazumdar, Phys. Rev. D 59, 083510 (1999), hep-ph/9811288.

[5] M. Gasperini, M. Giovannini, and G. Veneziano, Phys.

Rev. Lett. 75, 3796 (1995). [6] M. Giovannini, hep-ph/9707246.

[7] C. Brans and R. H. Dicke, Phys. Rev. 124, 925 (1961);

J.D. Barrow, Sussex preprint gr-qc/9711084.

[8] C. M. Will, Theory and Experiment in Gravitational Physics, Cambridge University Press (1993).

[9] R. D. Reasenberg et al., Astrophys.J. 234, L219 (1979). [10] C. G. Callan, D. Friedan, and M. J. Pollock, Nucl. Phys.

B 262, 593 (1985).

[11] S. Weinberg, General Relativity and Cosmology, Wiley, New York (1972).

[12] G. Magnano, M. Ferraris, and M. Francaviglia, Gen. Relativity. Gravity. 19, 465 (1987); A. Jakubiec and J. Kijov, Phys. Rev. D 37, 1406 (1988).

[13] B. A. Bassett, D. I. Kaiser, and R. Maartens, hepph/9808404; B. A. Bassett, F. Tamburini, D. I. Kaiser, and R. Maartens, hep-ph/9901319.

[14] F. Finelli and R. Brandenberger, hep-ph/9809490; M.

Parry and R. Easther, hep-ph/9809574.

[15] A. L. Berkin and K. Maeda, Phys. Rev. D 44, 1691 (1991) [16] T. Damour and B. Pichon, astro-ph/9807176; A. R. Liddle, A. Mazumdar, J. D. Barrow, Phys. Rev. D. 58, 083508 (1998).

[17] M. Gasperini, and M. Giovannini, Phys. Rev. D 47, 1519 (1993).

[18] A. A. Starobinsky and J. Yokoyama, gr-qc/9502002. [19] J. M. Bardeen, Phys. Rev. D 22, 1882 (1980). [20] V. F. Mukhanov, H. A. Feldman, and R. H. Brandenberger, Physics Reports 215, 203 (1992).

[21] N. W. McLachlan, Theory and Application of Mathieu Functions, Dover Publications, New York (1961).

[22] H. Kodama and M. Sasaki, Progr. Theor. Phys. Suppl.

78, 1 (1984); Int. J. Mod. Phys. A 1, 265 (1986). [23] K. Maeda, Class. Quantum Grav. 3, 233 (1986). [24] F. S. Accetta, D. J. Zoller, and M. S. Turner, Phys. Rev.

D 31, 3046 (1985); S. Barr and G. Segre, Phys. Rev. D. 41 2398 (1990).

[25] J. García-Bellido, and D. Wands, Phys. Rev. D 52, 6739 (1995).

[26] S. Mukohyama, Phys. Rev. D 57, 6191 (1998). [27] E. W. Kolb, and R. Slansky, Phys. Lett. B 135, 378 (1984).

[28] P. J. Steinhardt and C. M. Will, Phys. Rev. D 52, 628 (1995).