arXiv:astro-ph/0509015 v2 12 Sep 2005

Post-inflationary behavior of adiabatic perturbations and tensor-to-scalar ratio

Andrei Linde^{1,2}, Viatcheslav Mukhanov^3 and Misao Sasaki^2 1Physics Department, Stanford University, Stanford CA 94305-4060, USA 2Kyoto University, Yukawa Institute, Kyoto, 606-8502, Japan 3Sektion Physik, LMU, Theresienstr. 37, Munich, Germany

We explain why it is so difficult and perhaps even impossible to increase the cosmological tensorto-scalar perturbation ratio during the post-inflationary evolution of the universe. Nevertheless, contrary to some recent claims, tensor perturbations can be relatively large in the simplest inflationary models which do not violate any rules of modern quantum field theory.

PACS numbers: 98.80.Cq YITP-05-41 astro-ph/0509015

I. INTRODUCTION

Tensor perturbations (gravitational waves) [1] produced during inflation [2, 3, 4] may serve as an important tool helping us to discriminate among different types of inflationary models. These perturbations typically give a much smaller contribution to the CMB anisotropy than the inflationary adiabatic scalar perturbations [5, 6, 7]. Nevertheless, in the simplest versions of chaotic inflation models with potentials ∼ ϕ^n [8] the amplitude of tensor perturbations can be large enough to be detected. Meanwhile in most of the other models, such as new inflation [9] and hybrid inflation [10], tensor perturbations typically are too small [3]. Therefore a discovery of the B-mode of the CMB polarization, which is related to tensor metric perturbations, would be a strong argument in favor of the simplest versions of chaotic inflation, whereas the absence of the B-mode would rule out the simplest versions of chaotic inflation without helping much in distinguishing between many other versions of inflationary theory.

Recently it was argued, however, that the contribution of tensor perturbations to the CMB anisotropy can be much greater than expected. One may consider the models where inflation occurs at very high energy scales, which increases the amplitude of scalar and tensor perturbations. Then one may try to find a way to significantly suppress the amplitude of scalar perturbations due to some post-inflationary evolution. This would boost up the relative amplitude of tensor perturbations and make them detectable in a broad class of inflationary models [11, 12].

The basic idea of Refs. [11, 12] can be explained as follows. Suppose, for example, we have a hot postinflationary universe with energy density ρ ∼ T^4, and with density perturbations δρ ∼ 4T^3δT . Now let us assume, for example, that some homogeneous scalar field begins to dominate the evolution of the universe, and then it decays. If the field decay occurs simultaneously in all parts of the universe, it increases the total energy density of radiation without increasing the amplitude of its perturbations. As a result, the ratio δρ/ρ decreases.

The problem with this idea is that such a decay cannot occur in all parts of the universe simultaneously. To be more precise, one may work in the gauge where the spatial scalar curvature of the universe vanishes, called the flat slicing. In this gauge, the Hubble constant and density ρ are functions of both space and time, ρ = ρ(t, x^i), H = H(t, x^i), but they are related to each other by the standard flat space equation H^2 = ρ/3, in units M_p = 1. Scalar perturbations of the metric in this gauge are directly related to the non-simultaneous end of inflation in different parts of the universe, due to quantum fluctuations of the inflaton field. One may think about different parts of the universe of a superhorizon size as of separate flat universes which started their post-inflationary expansion at slightly different moments of time determined by ρ(t + δt, x^i) = ρ_e, where ρ_e is the energy density at the end of inflation. The subsequent dynamics of all physical processes in the universe on the superhorizon scale will be determined not by the global time t, but by the local values of density of matter, which will be a function of t + δt. A more rigorous, mathematical description of the above is possible in terms of the δN formalism, in which the amplitude of the adiabatic perturbation generated during inflation is given by the difference in the number of e-foldings relative to the background from the time of horizon crossing during inflation on the flat hypersurface to the end time of inflation which occurs on a comoving (or uniform density) hypersurface [13, 14, 15, 16, 17, 18].

Consider for example any other scalar field σ. Suppose that this field decays after it becomes dominating the energy density of the universe. This situation is very similar to the one encountered in the curvaton scenario, but now we will assume, following [11, 12], that the fluctuations generated in this field during inflation are negligibly small, so that they do not induce any new adiabatic perturbations after the field σ decays. The main assumption made in [11, 12] was that this field begins oscillating or decays at the same time t in all parts of the universe. But the field σ does not “know” anything about the global cosmological time t, it depends only on the local energy density of the universe, local temperature, etc.

This means, for example, that a massive field σ with an effective potential m^2_σσ^2/2 will start oscillating not at some given time t, but at the time t + δt when the local value of Hubble constant H(t + δt) will become smaller than m_σ . At that moment, energy density m^2_σ σ^2/2 of the homogeneous field σ everywhere in the universe will constitute the same fraction of the local energy density of mater given by 3H^2(t + δt), and, consequently, the same fraction of the energy density of radiation. As a result, the motion of the field σ, its density, and its subsequent decay will be synchronized in the same way as all other matter in the universe. This is the main reason why its decay cannot reduce the amplitude of adiabatic perturbations; they will be simply redistributed from one type of matter to another.

For the particular models studied in [11, 12] this negative conclusion follows directly from the standard theory of inflationary perturbations in the theories involving only one scalar field [5, 6, 7]. Indeed, the second scalar field discussed in these models behaved essentially like a decaying fluid; no effects related to inflationary quantum fluctuations induced in the second field were considered in [11, 12]; in this respect see also comments in Ref. [19].

The authors of Refs. [11, 12] also realized that the original models described in their papers did not provide damping of adiabatic perturbations. Still one may wonder whether one could propose a different, more sophisticated mechanism to suppress superhorizon inflationary perturbations. In particular, instead of the possibility to “dilute” the original adiabatic perturbations as suggested in [11, 12], one could speculate about the possibility to generate isocurvature perturbations [20], convert them to adiabatic perturbations by the curvaton mechanism [21, 22, 23, 24] (or use the mechanism proposed in [25]), and then fine-tune the amplitude and phases of these perturbations to cancel the original adiabatic perturbations. In other words, instead of damping the adiabatic perturbations, one could try to cancel them by perturbations of a different type.

In this paper we will argue that there is no natural way to suppress the original adiabatic perturbations. In particular, adiabatic perturbations generated by the curvaton mechanism are produced from quantum fluctuations of the curvaton field, which are generated independently of the quantum fluctuations of the inflaton field. Therefore even if one fine-tunes the amplitude of the curvaton perturbations, they cannot have the same phase as the initial adiabatic perturbations, which would be necessary for their cancellation.

Our results provide an additional demonstration of robustness of inflationary predictions. On the other hand, one could worry that if it is impossible to boost the tensor-to-scalar ratio, then our chances to detect tensor perturbations are very slim. This point of view was expressed in [11, 26], where it was argued that it is difficult to construct a satisfactory model of inflation predicting detectable tensor perturbations. In Section III we explain why we are more optimistic in this respect.

II. EVOLUTION OF THE SUPERHORIZON SCALAR PERTURBATIONS

The theory of cosmological perturbations in inflationary theories involving one scalar field, the inflaton, is well-developed, see, e.g., [2, 3, 4, 6, 7]. There is no room for speculation there, and the conclusion about the ratio of the gravitational waves to adiabatic perturbations is robust. Namely, the amplitude of tensor perturbations is suppressed compared to the amplitude of scalar perturbations by a factor of order (1 + p/ε) ≪ 1, where the ratio of the effective pressure p to the energy density ε is estimated when the mode with the corresponding comoving wavenumber crosses the horizon during inflation. Therefore to find out whether the ratio of the tensor and scalar perturbations can substantially grow due to some post-inflationary physical processes one must consider multi-component models, where different scalar fields play important roles at different stages of evolution. For instance one could consider the situation when after inflation (due to the inflaton), another scalar field (for example, curvaton), which was subdominant during inflation, takes over and begins to dominate. Assuming that this second scalar field was initially distributed nearly homogeneously, one may wonder whether the inflationary metric fluctuations can be suppressed after this initially homogeneous scalar begins to dominate. We will argue below that the original inflationary perturbations will be generically transferred to the second scalar field and hence the resulting fluctuations will be at least as large as the original inflationary fluctuations.

A. Isentropic fluids

In order to make our conclusions intuitively clear, we begin with the case of isentropic ideal hydrodynamical fluids, where one can find an explicit solution for superhorizon modes even in multicomponent media. It is very instructive to find out how the adiabatic perturbations generated in one of these fluids become transferred to other liquids even if they interact only gravitationally.

If different ideal fluids interact only gravitationally then the conservation law

T^α_{β;α} = 0 (1)

is valid for every component separately. Taking into account that the off-diagonal spatial components of the energy-momentum tensor vanish the metric of a flat universe with small scalar perturbations can be written as

(see, for example, [4])

ds^2 = a^2 (η) [ (1 + 2Φ) dη^2 − (1 − 2Φ) δ_{ik}dx^idx^k ] . (2)

This is called the longitudinal or Newton gauge. In what follows, perturbation variables are those defined in this gauge unless otherwise stated. Then for each fluid the linearized conservation law T^α_{0;α} = 0 takes the following form:

δε^′_J +3H (δε_J + δp_J )−3 (ε_J + p_J ) Φ^′+a (ε_J + p_J ) u^i_{,i} = 0. (3) Here H =a^′/a, the prime denotes the derivative with respect to the conformal time η, and J numerates different fluids. On the superhorizon scales, the last term in Eq. (3) can be neglected. Using equation

ε^′_J = −3H (ε_J + p_J ) , (4)

which is also valid for each fluid separately, we can rewrite (3) as [ δε_J ε_J + p_J

− 3Φ ]_′ = ε^′_J δp_J − p^′_J δε_J (ε_J + p_J )^2

. (5)

Introducing standard notations

ζ_J = Φ − δε_J 3 (ε_J + p_J )

= Φ + H δε_J ε^′_J , δp^{nad}_J = δp_J − p^′_J ε^′_J δε_J , (6)

where ζ_J describes the curvature perturbation on slices of homogeneous density for each fluid component, one can represent Eq. (5) in the following form:

ζ^′_J = H ε_J + p_J δp^{nad}_J . (7)

Note that in deriving (7) we did not use any Einstein equations for perturbations.

In the case of isentropic fluids p_J = p_J (ε_J ) we have

δp^{nad}_J = δp_J − p^′_J ε^′_J δε_J = 0 (8)

for each component and

ζ^′_J = 0. (9)

Hence ζ_J is conserved for each fluid separately on superhorizon scales. We would like to point out that when we skipped the last term in (3) we have lost the decaying mode of the scalar perturbations, which anyway soon becomes negligible.

Let us introduce the “master ζ”

ζ ≡ Φ + 2 3 Φ^′ + HΦ (1 + p/ε)H , (10) where p and ε are the total pressure and the energy density respectively. Note that this variable is equal to minus the curvature perturbation on comoving slices, often denoted by R_c, i.e., ζ = −R_c [14]. Although the curvature perturbation on comoving slices and the curvature perturbation on homogeneous density slices are not identical, they coincide on superhorizon scales. Using the (0, 0)-component of Einstein equations (3) Δ Φ − 3H (Φ^′ + HΦ) = 4πGa^2 (∑ δε_J ) , (11)

where one can neglect the first term for the longwavelength perturbations, we find ζ = 1 (ε + p) ( ∑ J (ε_J + p_J ) ζ_J ) . (12)

After inflation, when ρ + p ∼ O(ρ), the value of ζ is of order the gravitational potential, that is, Φ = O (1) × ζ. In distinction from ζ_J , the master ζ is not in general conserved. However, irrespective of what happens with the perturbations at some intermediate time scale, Eq. (12) implies that at some final moment of time η_f , when the J = F fluid dominates,

ζ (η_f ) ≃ ζ_F (η_f ) = ζ_F (η_i) , (13)

where the latter equality follows from the conservation of ζ_J . At the initial moment

ζ_F (η_i) = ( Φ − δε_F 3 (ε_F + p_F ) ) η_i . (14)

Here the gravitational potential Φ (η_i) is mostly due to the fluid component J = I, which dominates at η_i and is equal to (see, for example, [4])

Φ (η_i) ≃ − 1 2 δε_I ε_I (η_i) . (15)

It follows from (13) and (14) that the final value of Φ (η_f ) = O (1) × ζ (η_f ) is in general never smaller than Φ (η_i). Even if the component which finally dominates was initially distributed homogeneously, i.e. δε_F (η_i) = 0, we obtain, nevertheless, Φ (η_f ) ∼ Φ (η_i). Only in the exceptional case when

Φ (η_i) ≃ − 1 2 δε_I ε_I (η_i) = δε_F 3 (ε_F + p_F )

(η_i) , (16)

the resulting metric perturbations can be strongly suppressed compared to their initial values. However, it is impossible to realize in a natural way the condition (16) because it requires the coherent correlated distribution of the fluids at all wavelengths.

B. Scalar fields

Unfortunately the results obtained above cannot be directly reformulated for several scalar fields. In fact, there is no analog of separately conserved ζ_J in this case even if the scalar fields interact only gravitationally. However, one can argue in a similar way that the cancellation of the dominant adiabatic mode is also quite unlikely in this case. We first consider for simplicity several noninteracting scalar fields φ_J with potentials V_J (φ_J ). Then their contributions to the total energy density and pressure are given by

ε_J = 1 2 g^{αβ} φ_{J,α}φ_{J,β} + V_J (φ_J ) , p_J = 1 2 g^{αβ} φ_{J,α}φ_{J,β} − V_J (φ_J ) . For several scalar fields it is convenient to introduce ζ_J ≡ Φ− δε_J 3 (ε_J + p_J ) × (1 − δp_J /δε_J ) (1 − p^′_J /ε^′_J )

= Φ+H δφ_J φ^′_J (17)

instead of ζ_J defined in (6), which describes the curvature perturbation on slices comoving with each scalar field.^1 Using Einstein equations for perturbations one can easily verify that only for the case of a single scalar field the ζ_J defined in (6) and (17), are equal; otherwise they are different. The conservation equation (3) is still valid for each scalar field separately. However, in this case one cannot reduce it to a useful form similar to (7) with δp^{nad}_J = 0. Therefore we consider instead the conservation of the total energy ( ∑ J δε_J )_′ +3H ∑ J (δε_J + δp_J )−3 ∑ J (ε_J + p_J ) Φ^′ = 0 ,

(18) where we took the advantage of considering the superhorizon perturbations and skipped the spatial derivative

terms. From (11), where we neglect^{(3)}Δ Φ, and the (0, i)- component of Einstein equations

(Φ^′ + HΦ) = 4πGa^2 ∑ J (ε_J + p_J ) δφ_J φ^′_J , (19)

we find ∑ J δε_J = −3H ∑ J (ε_J + p_J ) δφ_J φ^′_J . (20)

Substituting this expression into (18) and using the background equation of motion we finally obtain ∑ J (ε_J + p_J ) ζ^′_J = 0 . (21)

1 Strictly speaking the ζ variable cannot be used to trace the behavior of scalar perturbations through the stage of oscillation of the scalar field because the next to leading k^2 -corrections to the long-wavelength solution for ζ become infinite when φ^′ vanishes. The variable v = aφ^′ζ/H = a δφ_{f lat}, where δφ_{f lat} is the scalar field perturbation on flat slices, should be used instead (see, for example, [4]). However considering only the leading order behavior of ζ we ignore this subtlety here.

Taking the derivative of the master ζ (see Eqs. (10) and (12), which are valid for scalar fields) and using (21) one gets

ζ^′ = 1 (ε + p)^2 ∑ J,K (ε_J + p_J )^′ (ε_K + p_K ) (ζ_J − ζ_K ) ≡ ∑ J,K F_{JK} (η) (ζ_J − ζ_K ) . (22)

One can verify that after the substitution ε_J + p_J → φ^{′2}_J /a^2 the equations above remain valid for the interacting scalar fields. Eq. (22) implies the existence of the adiabatic mode for which

ζ_1 = ζ_2 = ... = ζ = const. . (23)

This equation is, of course, not enough to determine the behavior of all ζ_J for generic initial conditions. The variables ζ_J satisfy rather complicated coupled system of equations [27]. In distinction from the isentropic fluids, ζ_J for the scalar fields are not conserved separately. However, assuming that initially and finally the universe is dominated by one of the fields or by its decay products, one can make rather generic conclusions about the resulting value of Φ ∼ ζ based on (22).

If one makes the standard assumption that the inflaton field φ_I and its decay products dominate during and after inflation, one comes to the standard conclusion about the evolution of the amplitude of adiabatic perturbations. In this case, all post-inflationary processes on the superhorizon scale are synchronized by the original adiabatic perturbations of the metric and cannot be damped. Their final amplitude depends only on the final equation of state, but not on local processes at some intermediate time [5, 6, 7].

Now we will check whether this conclusion can be modified due to effects related to other scalar fields. We will assume that after inflation is over, the energy density released by the inflaton field decays faster than the energy density of some other (curvaton) scalar field φ_C and finally this field begins to dominate. The question is whether the metric perturbations, which are finally due to the curvaton field and its decay products, can be suppressed compared to the metric fluctuations originally generated by the inflaton.

Let us consider the mode with the comoving wavenumber k which crosses the horizon at the moment η_k during inflation. Integrating (22), we have for η > η_k

ζ_k (η) = ζ_{inf} (η_k) + ∫_η η_k (F_{IC} − F_{CI} ) (ζ_I − ζ_C ) dη, (24)

where ζ_{inf} (η_k) is the adiabatic mode due to the inflaton perturbations. It is clear from the definition in (22) that the functions F are non-negligible only when ε_I + p_I ∼ ε_C +p_C. Only during this time interval ζ is not conserved. Let us assume that initially at η = η_k there exists also an isocurvature mode in addition to the adiabatic mode, so that

S_{IC} (η) ≡ ζ_I − ζ_C = f (η) S_{IC} (η_k) ,

where f (η) does not depend on k. Then at some late moment of time η_f when the curvaton dominates and ζ is conserved, we obtain

ζ_k (η_f ) = ζ_{inf} (η_k)+ (∫ (F_{IC} − F_{CI} ) f (η) dη ) S_{IC} (η_k) , (25) where the integral is some k−independent constant. It is clear that ζ_k (η_f ) can be substantially reduced only if the second term in (25) compensates the first one with high accuracy. This means that the isocurvature mode should be initially highly correlated with the adiabatic mode, the situation which we believe is not only contrived but in fact impossible. Indeed, the fluctuations of the inflaton and the curvaton field occur independently. These fluctuations have quantum origin, they represent two independent degrees of freedom, and their phases are random. As a result, they cannot cancel each other. Instead of that, the square of the amplitude of a combination of these two types of oscillations will be given by the sum of the squares of the amplitudes of both types. In other words, the curvaton contribution can only increase the total amplitude of adiabatic perturbations. Generically the final amplitude is determined by the largest of the two terms in (25). If the first term dominates, which is the simplest and the most general possibility, then the final perturbations are mainly determined by the inflaton. Otherwise, when the second term dominates, they are due to the curvaton mechanism.

III. CAN WE DETECT TENSOR PERTURBATIONS?

Now we are going to analyze the argument of [11, 26] against the theories where the amplitude of tensor perturbations can be large. This argument was based on a correct observation that the amplitude of tensor perturbations can be large only in the theories where inflation occurs at ϕ >∼ M_p [26, 28]. But then the authors of [11, 15, 26] made an assumption that the generic expression for the effective potential can be cast in the form

V (ϕ) = V_0 + m^2 2 ϕ^2 + λ 4 ϕ^4 + ∑ n λ_n ϕ^{4+n} M_p^n , (26)

and then they assumed that generically λ_n = O(1), see e.g. Eq. (6) in [26] or Eq. (128) in [15]. This would imply that the behavior of V (ϕ) at ϕ > M_p is out of control.

Here we have written M_p = 1/ √ 8πG explicitly, to expose the implicit assumption made in [15, 26]. Why do we write M_p in the denominator, instead of 1000M_p?

An intuitive reason is that quantum gravity is nonrenormalizable, so one should introduce a cut-off at momenta k ∼ M_p [15, 26]. This is a reasonable assumption, but it does not imply the validity of Eq. (26). Indeed, the constant part of the scalar field by itself does not have any physical meaning. It appears in Feynman diagrams not directly, but only via its effective potential V (ϕ) and the masses of particles interacting with the scalar field ϕ. As a result, the terms induced by quantum gravity instead of the dangerous factors^{ϕn}_{Mp}n contain the fac-

tors^{V (ϕ)}_{Mp4} and^{m2(ϕ)}_{Mp2} [2]. Consequently, quantum gravity corrections to V (ϕ) become large not at ϕ > M_p, as one could infer from (26), but only at super-Planckian energy density, or for super-Planckian masses.

For example, quantum gravity corrections to the effective potential in the simplest chaotic inflation model with V (ϕ) =^{m2}_2 ϕ^2 contain such terms as m^2ϕ^2 ×^{m2}_{M 2p}

and m^2ϕ^2 ×^{m2ϕ2}_{M 4p} . Only the last term could be dangerous, but not until V (ϕ) becomes greater than the Planck energy density. This justifies chaotic inflation models in the context of the simplest models of scalar field coupled to gravity [2].

One way to understand our main argument is to consider the case where the potential of the field ϕ is a constant, V = V_0, and the field ϕ does not give masses to any fields. Then the theory has a shift symmetry, ϕ → ϕ + c. This symmetry is not broken by perturbative quantum gravity corrections, so no such terms as ∑ n λ_n^{ϕ4+n}_{Mp n} are generated. This symmetry might be broken by nonperturbative quantum gravity effects (wormholes? virtual black holes?), but such effects, even if they exist, can be made exponentially small [29].

However, in some theories the scalar field ϕ itself may have physical (geometric) meaning, which may constrain the possible values of the fields during inflation. The most important example is given by N = 1 supergravity. The effective potential of the complex scalar field Φ in supergravity is given by the well-known expression (in units M_p = 1): V = e^K [ K^{−1}_{ΦΦ̄} |D_ΦW |^2 − 3|W |^2 ] . (27)

Here W (Φ) is the superpotential, Φ denotes the scalar component of the superfield Φ; D_ΦW =^{∂W}_{∂Φ} +^{∂K}_{∂Φ} W . The kinetic term of the scalar field is given by K_Φ¯_Φ ∂_μΦ∂_μΦ̄. The standard textbook choice of the Kähler potential corresponding to the canonically normalized fields Φ and Φ̄ is K = ΦΦ̄, so that K_{ΦΦ̄} = 1. This immediately reveals a problem: At Φ > 1 the potential is extremely steep. It blows up as e^{|Φ|2} , which makes it very difficult to realize chaotic inflation in supergravity at ϕ ≡ √ 2|Φ| > 1.^2

2 Note, however, that this issue is not specific to the super-

It took almost 20 years to find a natural realization of chaotic inflation model in supergravity. Kawasaki, Yamaguchi and Yanagida suggested to take the Kähler potential K = 1 2 (Φ + Φ̄)^2 + XX̄ (28)

of the fields Φ and X, with the superpotential mΦX [30].

At the first glance, this Kähler potential may seem somewhat unusual. However, it can be obtained from the standard Kähler potential K = ΦΦ̄ + XX̄ by adding terms Φ^2/2 + Φ̄^2/2, which do not give any contribution to the kinetic term of the scalar fields K_Φ¯_Φ ∂_μΦ∂_μΦ̄. In other words, the new Kähler potential, just as the old one, leads to canonical kinetic terms for the fields Φ and X, so it is as simple and legitimate as the standard textbook Kähler potential. However, instead of the U(1) symmetry with respect to rotation of the field Φ in the complex plane, the new Kähler potential has a shift symmetry; it does not depend on the imaginary part of the field Φ. The shift symmetry is broken only by the superpotential.

This leads to a profound change of the potential (27): the dangerous term e^K continues growing exponentially in the directions (Φ+Φ̄) and |X|, but it remains constant in the direction (Φ − Φ̄) (shift symmetry). Decomposing the complex field Φ into two real scalar fields, Φ =^{1√}_2 (η+ iϕ), one can find the resulting potential V (ϕ, η, X) for η, |X| ≪ 1: V = m^2 2 ( ϕ^2(1 + η^2) + |X|^2 + 3 2 η^2 ) . (29)

This potential has a deep valley, with a minimum at η = X = 0. Therefore the fields η and X rapidly fall down towards η = X = 0, after which the potential for the field ϕ becomes V =^{m2}_2 ϕ^2. One can show that the inflaton potential V =^{m2}_2 ϕ^2 is not modified by radiative corrections for V ≪ M^4_p . This provides a very simple realization of chaotic inflation in supergravity [30], and a counterexample to the arguments of Refs. [15, 26].

Note that there are several other ways to achieve inflation in supergravity, such as F-term and D-term hybrid inflation models [31, 32]. However, in our opinion, the model of chaotic inflation proposed in [30] is by far the simplest and the most natural inflationary model based on supergravity. It is especially interesting therefore that tensor perturbations predicted by this model have a relatively large amplitude. Other models of chaotic inflation in supergravity based on the idea of shift symmetry can be found in [33, 34].

Planckian values of the fields, as it leads to problems in realizing inflation in supergravity even for |Φ| ≪ 1. Thus this problem is not directly linked to detectability of tensor modes.

In string theory the situation is more complicated. A thorough investigation of inflation in string theory became possible only very recently, after the discovery of the KKLT mechanism of stabilization of extra dimensions [35]. As a result, only few examples of string theory inflation are presently available. Most of these models are based on various versions of hybrid inflation, and the amplitude of tensor perturbations there typically is very small, see e.g. [36, 37].

There is a family of string theory motivated models where inflation is supposed to occur due to rolling in the axionic direction [38, 42], as in the ‘natural inflation’ scenario [39]. One should note that the combined potential of the axion field and the volume modulus in the KKLT scenario is very much different from the effective potential of ‘natural inflation’. In particular, the volume modulus is usually destabilized near the maximum of the axion potential, where one would naively expect to have a better chance of development of inflation. The only fully analyzed model of this type leads to a very small magnitude of tensor perturbations [40]. This model belongs to the general class of the moduli inflation models in string theory, as opposite to brane inflation [36, 37]. A recent version of the moduli inflation based on a modified KKLT mechanism [41] also leads to small tensor perturbations.

However, it was argued in [42] that if one considers simultaneous evolution of many types of axion fields, inflation may occur in a vicinity of the minimum of the axion potential, where the potential is quadratic, as in the simplest chaotic inflation scenario. This again leads to a large amplitude of tensor perturbations. There are some other string inflation models where tensor perturbations could be quite large if one takes into account nontrivial kinetic terms for the inflaton field [43].

One of the problems with all of these scenarios is that the large energy density, which could drive inflation and produce large tensor perturbations, tends to destabilize vacuum and decompactify extra dimensions, making our universe ten-dimensional [44]. According to [44], there is a general upper bound on the Hubble constant in all inflationary models based on the original version of the KKLT scenario: H <∼ m_{3/2}, where m_{3/2} is the gravitino mass. In this case the amplitude of tensor perturbations will be δ_T ∼ H M_p <∼ m^{3/2} M_p . (30)

If one substitutes there the often discussed value m_{3/2} ∼ 1 TeV ∼ 10^{−15}M_p, one finds an extremely small amplitude of tensor perturbations δ_T <∼ 10^{−15}, which corresponds to the tensor-to-scalar ratio r ≪ 10^{−20}. This is far below the most optimistic bounds for detectability of tensor modes [28, 45, 46].

However, recently a new generation of phenomenological models was proposed, where the gravitino mass can be very large, see e.g. [47, 48, 49]. Also, in a modified version of the KKLT scenario proposed in [44] one can have inflation with the Hubble constant much higher than the gravitino mass. This may allow stringy inflation with a large amplitude of tensor perturbations.

IV. CONCLUSIONS

In this paper we analyzed the possibility to suppress the amplitude of adiabatic perturbations produced during inflation. We considered two possible mechanisms of such suppression: damping of initial perturbations by the late-time entropy release [11, 12] and cancellation of initial adiabatic perturbations by adiabatic perturbations produced, e.g., by the curvaton mechanism [21, 22, 23, 24, 25]. We conclude that neither of these mechanisms can lead to suppression of the initial adiabatic perturbations.

We pointed out, however, that there are no firm theoretical arguments against detectability of tensor modes in inflationary theory. If tensor modes are detected by the future CMB polarization experiments, it will be a great triumph and a powerful evidence in favor of the simplest versions of chaotic inflation. On the other hand, in most of the other inflationary models the amplitude of tensor perturbations is undetectably small, and it cannot be boosted up by damping the amplitude of adiabatic perturbations and increasing the tensor-to-scalar ratio. Therefore in planning the future CMB polarization experiments one should keep in mind that if the amplitude of tensor modes happens to be too small, it will rule out the simplest versions of chaotic inflation, but it may not tell us much about many other inflationary models.

Acknowledgments

This paper was initiated by discussions during the conference “The Next Chapter in Einstein’s Legacy” at the Yukawa Institute, Kyoto, and the subsequent workshop. A.L. and V.M. are grateful to the organizers of this conference for hospitality. The work by A.L. was supported by NSF grant PHY-0244728 and by Kyoto University. The work by M.S. was supported in part by Monbukagakusho Grant-in-Aid for Scientific Research(S) No. 14102004 and (B) No. 17340075.

[1] A. A. Starobinsky, “Spectrum Of Relict Gravitational Radiation And The Early State Of The Universe,” JETP Lett. 30 (1979) 682 [Pisma Zh. Eksp. Teor. Fiz. 30 (1979) 719].

[2] A. D. Linde, Particle Physics and Inflationary Cosmology (Harwood, Chur, Switzerland, 1990); arXiv:hep-th/0503203.

[3] A.R. Liddle and D. H. Lyth, Cosmological Inflation and Large-Scale Structure, (Cambridge University Press, Cambridge 2000).

[4] V.F. Mukhanov, Physical Foundations of Cosmology, (Cambridge University Press, to be published).

[5] V. F. Mukhanov and G. V. Chibisov, “Quantum Fluctuation And ’Nonsingular’ Universe. (In Russian),” JETP Lett. 33 (1981) 532 [Pisma Zh. Eksp. Teor. Fiz. 33 (1981) 549].

[6] V. F. Mukhanov, “Gravitational Instability Of The Universe Filled With A Scalar Field,” JETP Lett. 41 (1985) 493 [Pisma Zh. Eksp. Teor. Fiz. 41 (1985) 402]; V. F. Mukhanov, H. A. Feldman and R. H. Brandenberger, “Theory Of Cosmological Perturbations,” Phys. Rept. 215, 203 (1992).

[7] H. Kodama and M. Sasaki, “Cosmological Perturbation Theory,” Prog. Theor. Phys. Suppl. 78, 1 (1984); M. Sasaki, “Large Scale Quantum Fluctuations In The Inflationary Universe,” Prog. Theor. Phys. 76, 1036 (1986); N. Makino and M. Sasaki, “The Density Perturbation in the Chaotic Inflation with Nonminimal Coupling,” Prog. Theor. Phys. 86, 103 (1991).

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

[9] A. D. Linde, “A New Inflationary Universe Scenario: A Possible Solution Of The Horizon, Flatness, Homogeneity, Isotropy And Primordial Monopole Problems,” Phys. Lett. B 108, 389 (1982).

[10] A. D. Linde, “Axions in inflationary cosmology,” Phys.

Lett. B 259, 38 (1991); A. D. Linde, “Hybrid inflation,” Phys. Rev. D 49, 748 (1994) [astro-ph/9307002].

[11] N. Bartolo, E. W. Kolb and A. Riotto, “Post-inflation increase of the cosmological tensor-to-scalar perturbation ratio,” arXiv:astro-ph/0507573.

[12] M. S. Sloth, “Suppressing super-horizon curvature perturbations,” arXiv:hep-ph/0507315.

[13] A. A. Starobinsky, ‘Multicomponent de Sitter (inflationary) stages and the generation of perturbations’, JETP Lett. 42 (1985) 152.

[14] M. Sasaki and E. D. Stewart, “A General analytic formula for the spectral index of the density perturbations produced during inflation,” Prog. Theor. Phys. 95, 71 (1996) [arXiv:astro-ph/9507001]; M. Sasaki and T. Tanaka, “Super-horizon scale dynamics of multiscalar inflation,” Prog. Theor. Phys. 99, 763 (1998) [arXiv:gr-qc/9801017].

[15] D. H. Lyth and A. Riotto, “Particle physics models of inflation and the cosmological density perturbation,” Phys. Rept. 314, 1 (1999) [hep-ph/9807278].

[16] D. Wands, K. A. Malik, D. H. Lyth and A. R. Liddle, “A new approach to the evolution of cosmological perturbations on large scales,” D 62, 043527 (2000) [arXiv:astro-ph/0003278].

[17] D. H. Lyth, K. A. Malik and M. Sasaki, “A general proof of the conservation of the curvature perturbation,” JCAP 0505, 004 (2005) [arXiv:astro-ph/0411220].

[18] H. C. Lee, M. Sasaki, E. D. Stewart, T. Tanaka and S. Yokoyama, “A new delta N formalism for multicomponent inflation,” arXiv:astro-ph/0506262.

[19] D. H. Lyth, “The bound r ≤ 16ϵ on the primordial tensor perturbation,” arXiv:astro-ph/0508127.

[20] A. D. Linde, “Generation Of Isothermal Density Perturbations In The Inflationary Universe,” JETP Lett. 40, 1333 (1984) [Pisma Zh. Eksp. Teor. Fiz. 40, 496 (1984)]; A. D. Linde, “Generation Of Isothermal Density Perturbations In The Inflationary Universe,” Phys. Lett. B 158, 375 (1985); L. A. Kofman, “What Initial Perturbations May Be Generated In Inflationary Cosmological Models,” Phys. Lett. B 173, 400 (1986); L. A. Kofman and A. D. Linde, “Generation Of Density Perturbations In The Inflationary Cosmology,” Nucl. Phys. B 282, 555 (1987); A. D. Linde and D. H. Lyth, “Axionic Domain Wall Production During Inflation,” Phys. Lett. B 246, 353 (1990).

[21] A. D. Linde and V. Mukhanov, “Nongaussian isocurvature perturbations from inflation,” Phys. Rev. D 56, 535 (1997) [arXiv:astro-ph/9610219].

[22] D. H. Lyth and D. Wands, “Generating the curvature perturbation without an inflaton,” Phys. Lett. B 524, 5 (2002) [arXiv:hep-ph/0110002]; D. H. Lyth, C. Ungarelli and D. Wands, “The primordial density perturbation in the curvaton scenario,” Phys. Rev. D 67, 023503 (2003) [arXiv:astro-ph/0208055]; D. H. Lyth and D. Wands, “The CDM isocurvature perturbation in the curvaton scenario,” Phys. Rev. D 68, 103516 (2003) [arXiv:astro-ph/0306500]; K. Dimopoulos, G. Lazarides, D. Lyth and R. Ruiz de Austri, “Curvaton dynamics,” Phys. Rev. D 68, 123515 (2003) [arXiv:hep-ph/0308015]; B. A. Bassett, S. Tsujikawa and D. Wands, “Inflation dynamics and reheating,” arXiv:astro-ph/0507632.

[23] T. Moroi and T. Takahashi, “Effects of cosmological moduli fields on cosmic microwave background,” Phys. Lett. B 522, 215 (2001) [Erratum-ibid. B 539, 303 (2002)] [arXiv:hep-ph/0110096].

[24] K. Enqvist and M. S. Sloth, “Adiabatic CMB perturbations in pre big bang string cosmology,” Nucl. Phys. B 626, 395 (2002) [arXiv:hep-ph/0109214].

[25] G. Dvali, A. Gruzinov and M. Zaldarriaga, “A new mechanism for generating density perturbations from inflation,” Phys. Rev. D 69, 023505 (2004) [arXiv:astro-ph/0303591]; L. Kofman, “Probing string theory with modulated cosmological fluctuations,” arXiv:astro-ph/0303614.

[26] D. H. Lyth, “What would we learn by detecting a gravitational wave signal in the cosmic microwave background anisotropy?,” Phys. Rev. Lett. 78, 1861 (1997) [arXiv:hep-ph/9606387].

[27] S. Anderegg and V. Mukhanov, “Path integral quantization of cosmological perturbations,” Phys. Lett. B 331, 30 (1994) [arXiv:hep-th/9403091].

[28] G. Efstathiou and K. J. Mack, “The Lyth Bound Revisited,” JCAP 0505, 008 (2005) [arXiv:astro-ph/0503360].

[29] R. Kallosh, A. Linde, D. Linde and L. Susskind, “Gravity and global symmetries,” Phys. Rev. D52, 912 (1995) [hep-th/9502069].

[30] M. Kawasaki, M. Yamaguchi and T. Yanagida, “Natural chaotic inflation in supergravity,” Phys. Rev. Lett. 85, 3572 (2000) [arXiv:hep-ph/0004243].

[31] E. J. Copeland, A. R. Liddle, D. H. Lyth, E. D. Stewart and D. Wands, “False vacuum inflation with Einstein gravity,” Phys. Rev. D 49, 6410 (1994) [astro-ph/9401011]; G. R. Dvali, Q. Shafi and R. Schaefer, “Large scale structure and supersymmetric inflation without fine tuning,” Phys. Rev. Lett. 73, 1886 (1994) [hep-ph/9406319]; A. D. Linde and A. Riotto, “Hybrid inflation in supergravity,” Phys. Rev. D 56, 1841 (1997) [arXiv:hep-ph/9703209].

[32] P. Binetruy and G. Dvali, “D-term inflation,” Phys. Lett.

B 388, 241 (1996) [hep-ph/9606342]; E. Halyo, “Hybrid inflation from supergravity D-terms,” Phys. Lett. B 387, 43 (1996) [hep-ph/9606423].

[33] A. S. Goncharov and A. D. Linde, “A Simple Realization Of The Inflationary Universe Scenario In SU(1,1) Supergravity,” Class. Quant. Grav. 1, L75 (1984).

[34] P. Brax and J. Martin, “Shift symmetry and inflation in supergravity,” Phys. Rev. D 72, 023518 (2005) [arXiv:hep-th/0504168].

[35] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, “De Sitter vacua in string theory,” Phys. Rev. D 68, 046005 (2003) [arXiv:hep-th/0301240].

[36] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, “Towards inflation in string theory,” JCAP 0310, 013 (2003) [arXiv:hep-th/0308055].

[37] C. Herdeiro, S. Hirano and R. Kallosh, “String theory and hybrid inflation/acceleration,” JHEP 0112 (2001) 027 [arXiv:hep-th/0110271]; K. Dasgupta, C. Herdeiro, S. Hirano and R. Kallosh, “D3/D7 inflationary model and M-theory,” Phys. Rev. D 65, 126002 (2002) [arXiv:hep-th/0203019]; J. P. Hsu, R. Kallosh and S. Prokushkin, “On brane inflation with volume stabilization,” JCAP 0312, 009 (2003) [arXiv:hep-th/0311077]; J. P. Hsu and R. Kallosh, “Volume Stabilization and the Origin of the Inflaton Shift Symmetry in String Theory,” HEP 0404, 042 (2004) [arXiv:hep-th/0402047] ; F. Koyama, Y. Tachikawa and T. Watari, “Supergravity analysis of hybrid inflation model from D3-D7 system,” Phys. Rev. D 69, 106001 (2004) [arXiv:hep-th/0311191]; K. Dasgupta, J. P. Hsu, R. Kallosh, A. Linde and M. Zagermann, “D3/D7 brane inflation and semilocal strings,” JHEP 0408, 030 (2004) [arXiv:hep-th/0405247].

[38] N. Arkani-Hamed, H. C. Cheng, P. Creminelli and L. Randall, “Extranatural inflation,” Phys. Rev. Lett. 90, 221302 (2003) [arXiv:hep-th/0301218]; J. E. Kim, H. P. Nilles and M. Peloso, “Completing natural inflation,” JCAP 0501, 005 (2005) [arXiv:hep-ph/0409138].

[39] K. Freese, J. A. Frieman and A. V. Olinto, “Natural Inflation With Pseudo - Nambu-Goldstone Bosons,” Phys. Rev. Lett. 65, 3233 (1990); F. C. Adams, J. R. Bond, K. Freese, J. A. Frieman and A. V. Olinto, “Natural inflation: Particle physics models, power law spectra for large scale structure, and constraints from COBE,” Phys. Rev. D 47 (1993) 426 [arXiv:hep-ph/9207245].

[40] J. J. Blanco-Pillado et al., “Racetrack inflation,” JHEP 0411, 063 (2004) [arXiv:hep-th/0406230].

[41] J. P. Conlon and F. Quevedo, “Kähler moduli inflation,” arXiv:hep-th/0509012.

[42] S. Dimopoulos, S. Kachru, J. McGreevy and J. G. Wacker, “N-flation,” arXiv:hep-th/0507205.

[43] E. Silverstein and D. Tong, “Scalar speed limits and cosmology: Acceleration from D-cceleration,” Phys. Rev. D 70, 103505 (2004) [arXiv:hep-th/0310221]; M. Alishahiha, E. Silverstein and D. Tong, “DBI in the sky,” Phys. Rev. D 70, 123505 (2004) [arXiv:hep-th/0404084].

[44] R. Kallosh and A. Linde, “Landscape, the scale of SUSY breaking, and inflation,” JHEP 0412, 004 (2004) [arXiv:hep-th/0411011].

[45] L. Verde, H. Peiris and R. Jimenez, “Optimizing

CMB polarization experiments to constrain inflationary physics,” arXiv:astro-ph/0506036.

[46] M. Amarie, C. Hirata and U. Seljak, “Detectability of tensor modes in the presence of foregrounds,” arXiv:astro-ph/0508293.

[47] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, “Systematics of moduli stabilization in Calabi-Yau flux compactifications,” JHEP 0503, 007 (2005) [arXiv:hep-th/0502058]; J. P. Conlon, F. Quevedo and K. Suruliz, “Large-volume flux compactifications:

Moduli spectrum and D3/D7 soft supersymmetry breaking,” arXiv:hep-th/0505076.

[48] O. DeWolfe and S. B. Giddings, “Scales and hierarchies in warped compactifications and brane worlds,” Phys. Rev. D 67, 066008 (2003) [arXiv:hep-th/0208123].

[49] N. Arkani-Hamed, S. Dimopoulos, G. F. Giudice and A. Romanino, “Aspects of split supersymmetry,” Nucl. Phys. B 709, 3 (2005) [arXiv:hep-ph/0409232].