arXiv:1203.0805v3 [hep-th] 4 Sep 2012

RESCEU-8/11 July 2012 IPMU11-0196

Inflation and Nonminimal Scalar-Curvature Coupling in Gravity and Supergravity

Sergei V. Ketov^{a,b} and Alexei A. Starobinsky^{c,d}

a Department of Physics, Tokyo Metropolitan University, Minami-ohsawa 1-1, Hachioji-shi, Tokyo 192-0397, Japan b Kavli Institute for the Physics and Mathematics of the Universe (IPMU), The University of Tokyo, Chiba 277-8568, Japan c Landau Institute for Theoretical Physics RAS, Moscow 119334, Russia d Research Center for the Early Universe (RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan

ketov@tmu.ac.jp, alstar@landau.ac.ru

Abstract

Inflationary slow-roll dynamics in Einstein gravity with a nonminimal scalarcurvature coupling can be equivalent to that in the certain f(R) gravity theory. We review the correspondence and extend it to N=1 supergravity. The nonminimal coupling in supergravity is rewritten in terms of the standard (‘minimal’) N=1 matter-coupled supergravity by using curved superspace. The established equivalence between two different inflationary theories means the same inflaton scalar potential, and does not imply the same post-inflationary dynamics and reheating.

1 Introduction

The standard mechanism of inflation in field theory uses the Einstein gravity minimally coupled to a non-gravitational scalar field (called inflaton) whose potential energy drives inflation. The inflaton scalar potential should be flat enough to meet the slow-roll conditions during the inflationary period. This is not the only possibility since inflaton may have a purely geometrical origin and then gravity has to be modified also. However, as we argue below, both alternatives represent the particular cases of the more general situation when inflaton field is non-minimally coupled to gravity that leads to a variant of scalar-tensor gravity. Great success of inflationary cosmology over the recent past, which has led to the definitive predictions about the post-inflationary Universe confirmed by observations, has left unanswered the fundamental question about the origin of inflaton particle and its scalar potential. Knowing the inflaton origin would fix inflaton interactions with other particles. In turn, it would lead to definitive physical predictions about reheating after inflation and the origin of all known elementary particles from inflaton decay.

One may pursue two different strategies in a theoretical search for inflaton. Inflaton may be either a new exotic particle or something that we already know ‘just around the corner’. We adopt the second (‘economical’) approach. In this paper we consider the two natural possibilities: Higgs inflation and (R + R^2) inflation, where R is the Ricci scalar. In the Higgs inflation, inflaton is identified with Higgs particle nonminimally coupled to gravity [1] (see also [2, 3, 4, 5] for the study of the Standard Model loop corrections to the Higgs scalar potential and their effect on observational quantities). In the (R + R^2) inflation [6, 7] (see also [8]), which historically was the first fully developed inflationary model having a graceful exit from the initial de Sitter stage to the final radiation dominated Friedmann-Robertson-Walker (FRW) stage through an intermediate period of matter creation and heating, the inflaton field (dubbed scalaron) is spin-0 part of spacetime metric, so it has the purely geometrical origin.

Because inflationary dynamics of the universe is fully determined by the effective inflaton potential, some apparently very different models of inflation may lead to the same inflationary physics. It occurs in the case under our consideration also. Indeed, it was already noticed in [2] that the spectra of scalar and tensor perturbations generated in the (R + R^2)-inflationary model [9] are the same as those in the Higgs inflationary model with the tree level Higgs potential [1] in the limit of the infinitely large coupling ξ → ∞ (see also [10]). This equivalence of observational predictions is the consequence of the asymptotic duality of both models. Namely, the inflaton scalar potential, derived from the nonminimal coupling [1], does coincide with the effective inflaton scalar potential that follows from the (R + R^2)-inflationary model [6, 7] in the limit ξ → ∞.^1 The main topic of our paper is upgrade of this duality to N=1 supergravity.

The established duality of both models is valid during inflation and even for some time after it, but not for the whole post-inflationary evolution. Reheating mechanisms in those models are different too. As a result, the reheating temperature T_{reh} after Higgs inflation is about 10^{13} GeV [1], whereas after (R + R^2) inflation one finds T_{reh} ≈ 10^9 GeV [7], see also [11].

The motivation of [1] was based on the ‘most minimal’ assumption that there is no new physics beyond the Standard Model up to the Planck scale. The most economical mechanism of inflation can be based on a new (beyond the Standard Model) Higgs dynamics instead of introducing a new particle. We assume the new physics beyond the Standard Model, which is given by supersymmetry. Then it is quite natural to search for the most economical mechanism of inflation in the context of supergravity. And we are not forced to identify inflaton with a Higgs particle of the Minimal Supersymmetric Standard Model.

Our paper is organized as follows. In sec. 2 we briefly review chaotic inflation with nonminimal coupling to gravity [1] (see also the old paper [12] albait without a connection to Higgs scalar). In sec. 3 we briefly review chaotic inflation in (R + R^2) gravity [6, 7], and prove its duality to that of sec. 2. In sec. 4 we outline a construction of the new supergravity theory proposed in ref. [13] and called F (R) supergravity. Our main results are given in secs. 5 and 6. Our conclusions are in sec. 7.

2 Inflation with nonminimal coupling to gravity

Consider the 4D Lagrangian

L_J = √ −g_J { − 1 2 (1 + ξϕ^2_J)R_J + 1 2 g^{μν}_J ∂_μϕ_J∂_ν ϕ_J − V (ϕ_J) } (1) where we have introduced the real scalar field ϕ_J(x), nonminimally coupled to gravity (with the coupling constant ξ) in the Jordan frame, with the Higgs-like scalar potential

V (ϕ_J) = λ 4 (ϕ^2_J − v^2)^2 (2)

We use the units ℏ = c = M_{Pl} = 1, where M_{Pl} is the reduced Planck mass, with the spacetime signature (+, −, −, −).

1This duality also provides a novel microscopic mechanism of generating macroscopic f(R) gravity which, in contrast to the one-loop quantum gravitational effects, does not lead to the appearance of the extra R_{μν} R^{μν} term producing undesirable ghost or tachyon massive gravitons at the quasi-classical level. However, not any f(R) gravity theory can be obtained this way.

The action (1) can be rewritten to Einstein frame by redefining the metric via a Weyl transformation, g^{μν} = g^{μν}_J 1 + ξϕ^2_J (3) It gives rise to the standard Einstein-Hilbert term (−^1_2 R) for gravity in the Lagrangian. However, it also leads to a nonminimal (or noncanonical) kinetic term of the scalar field ϕ_J. To get the canonical kinetic term, a scalar field redefinition is needed, ϕ_J → φ(ϕ_J), subject to the condition dφ dϕ_J = √ 1 + ξ(1 + 6ξ)ϕ^2_J

1 + ξϕ^2_J (4) As a result, the non-minimal theory (1) is classically equivalent to the standard (canonical) theory of the scalar field φ(x) minimally coupled to gravity,

L_E = √ −g { − 1 2 R + 1 2 g^{μν} ∂_μφ∂_ν φ − V (φ) } (5) with the scalar potential V (φ) =

V (ϕ_J(φ)) [1 + ξϕ^2_J(φ)]^2 (6) Given a large positive ξ ≫ 1, in the small field limit one finds from eq. (4) that ϕ_J ≈ φ, whereas in the large φ limit one gets φ ≈ √ 3 2 log(1 + ξϕ^2_J) (7)

Then eq. (6) yields the scalar potential: (i) in the very small field limit, v ≪ φ <

√_2

3 ξ^{−1}, as

V_{vs}(φ) ≈ λ 4 φ^4 (8)

(ii) in the small field limit,

√_2 3 ξ^{−1} < φ ≪ √_3

2 , as

V_s(φ) ≈ λ 6ξ^2 φ^2, (9)

(iii) and in the large field limit, φ ≫

√_2

3 ξ^{−1}, as

V (φ) ≈ λ 4ξ^2 ( 1 − exp [ − √ 2 3 φ ])_2 (10)

We have assumed here that ξ ≫ 1 and vξ ≪ 1.

It was proposed in ref. [1] to identify inflaton with Higgs particle, which requires the parameter v to be the order of weak scale, and the coupling λ be the Higgs boson selfcoupling at the inflationary scale. The scalar potential (10) is well known to be perfectly suitable to support a slow-roll inflation, while its consistency with the COBE normalization condition for the observed CMB amplitude of density perturbations (eg., at the e-foldings number N_e = 50 ÷ 60) gives rise to ξ/ √ λ ≈ 5 · 10^4 [1]. The scalar potential (9) corresponds to the post-inflationary matter-dominated epoch described by the oscillating inflaton field φ with the frequency ω = √ λ 3 ξ^{−1} (11)

3 Inflation in (R + R^2) gravity

It has been known for a long time [6, 7] that viable inflationary models can be easily constructed in (non-supersymmetric) f(R)-gravity theories (see eg., refs. [14] for a recent review) with the action S = ∫ d^4x √ −g f(R) (12) whose function f(R) begins with the Einstein-Hilbert term, (−^1_2 R), while the rest takes the form R^2C(R) for R → ∞, with a slowly varying function C(R). The simplest model is given by C(R) = const. ≠ 0 with f(R) = − 1 2 ( R − R^2 6M^2 ) (13)

The theory (13) is known as the excellent model of chaotic inflation [15, 9, 16]. The coefficient in front of the second term on the right-hand-side of eq. (13) is chosen so that M actually coincides with the rest mass of the scalar particle (scalaron) appearing in f(R)-gravity at low curvatures |R| ≪ M^2 or in flat spacetime, in particular. The model fits the observed amplitude of scalar perturbations if M/M_{Pl} ≈ 1.5 · 10^{−5}(50/N_e), and gives rise to the spectral index n_s − 1 ≈ −2/N_e ≈ −0.04(50/N_e) and the scalar-to-tensor ratio r ≈ 12/N^2_e ≈ 0.005(50/N_e)^2, in terms of the e-foldings number N_e ≈ (50 ÷ 55) depending upon details of reheating after inflation [7, 11, 16]. Despite of the fact that it has been known for more than 30 years, the model (13) remains viable and is in agreement with the most recent WMAP7 observations of n_s = 0.963 ± 0.012 and r < 0.24 (with 95% CL) [17].

As is also well known [18], any f(R) gravity theory is classically equivalent to the scalar-tensor gravity with the Brans-Dicke paremeter ω_{BD} = 0. In order to derive the corresponding scalar potential, one rewrites the theory (12) to the equivalent form S_A = ∫ d^4x √ −g [AR − Z(A)] (14) where the scalar field A has been introduced. Via eliminating the scalar field A by its algebraic equation of motion from the action (14) one gets back the original action (12) provided that the functions f and Z are related via Legendre transformation, f(R) = RA(R) − Z(A(R)) (15) It follows, in particular, that

Z^′(A) = R and f^′(R) = A (16)

where the primes denote the derivatives with respect to the given argument.

A Weyl transformation g_{μν} → g_{μν} exp [ − √ 2 3 φ ] (17)

with the conformal factor exp [√ 2 3 φ ] = A (18)

allows one to bring the action (14) to Einstein frame with the canonical kinetic terms,

S_φ = ∫ d^4x √ −g { − 1 2 R + 1 2 g^{μν} ∂_μφ∂_ν φ + 1 2 exp [ −4φ √ 6 ] Z(A(φ)) } (19)

in terms of the physical (and canonically normalized) scalar field φ, with the scalar potential V (φ) = − 1 2 exp [ −4φ √ 6 ] Z ( exp [√ 2 3 φ ]) (20)

In the special case [6, 7]

f_S(R) = − 1 2 ( R − 1 6M^2

R^2 ) (21)

one finds

V (φ) = 3 4 M^2 ( 1 − exp [ − √ 2 3 φ ])_2 (22)

This inflaton scalar potential is the same as the one in eq. (10) provided that we identify the couplings as 3M^2 = λ ξ^2

(23)

Therefore, we conclude that the physical consequences for inflation in the model with the nonminimal scalar-curvature coupling (Sec. 2) and the (R + R^2) model of this section are essentially the same. In particular, the inflaton mass is given by M = 1 ξ √ λ 3 (24)

and is equal to the frequency (ω) of small metric and curvature oscillations around the FRW background solutions with low curvature.

4 Nonminimal coupling in supergravity

In 4D, N=1 supersymmetry, gravity is to be extended to N=1 supergravity, while a scalar field should be complexified and become the leading complex scalar field component of a chiral (scalar) matter supermultiplet. In a curved superspace of N=1 supergravity, the chiral matter supermultiplet is described by a covariantly chiral superfield Φ obeying the constraint ∇ •_αΦ = 0. See the textbooks [19, 20, 21] for more details. We use here the notation of Wess and Bagger [20]. The standard (generic and minimally coupled) matter-supergravity action reads in superspace as follows:

S_{MSG} = −3 ∫ d^4xd^4θE^{−1} exp [ − 1 3 K(Φ, Φ) ] + {∫ d^4xd^2θEW (Φ) + H.c. } (25)

in terms of the Kähler potential K and the superpotential W of the chiral supermatter, and the full density E and the chiral density E of the superspace supergravity. It is convenient to introduce the notation

Ω = −3 exp [ − 1 3 K ] or K = −3 ln [ − 1 3 Ω ] (26)

The non-minimal matter-supergravity coupling in superspace reads

S_{NM} = ∫ d^4xd^2θEX(Φ)R + H.c. (27)

in terms of the chiral function X(Φ) and the N=1 chiral scalar supercurvature superfield R obeying ∇ •_αR = 0. In terms of the field components of the superfields the non-minimal action (27) is given by ∫ d^4xd^2θEX(Φ)R + H.c. = − 1 6 ∫ d^4x √ −gX(ϕ_c)R + H.c. + . . . (28) where the dots stand for the fermionic terms, and ϕ_c = Φ| = ϕ + iχ is the leading complex scalar field component of the superfield Φ. Given X(Φ) = −ξΦ^2 with the real coupling constant ξ, we find the bosonic contribution

S_{NM,bos.} = 1 6 ξ ∫ d^4x √ −g ( ϕ^2 − χ^2 ) R (29)

It is worth noticing that the supersymmetrizable (bosonic) non-minimal coupling reads [ ϕ^2_c + (ϕ^†_c)^2 ] R, not (ϕ^†_cϕ_c)R.

Let’s introduce the manifestly supersymmetric nonminimal action (in Jordan frame) as S = S_{MSG} + S_{NM} (30) In curved superspace of N=1 supergravity the (Siegel’s) chiral integration rule ∫ d^4xd^2θEL_{ch} = ∫ d^4xd^4θE^{−1}

L_{ch} R (31)

applies to any chiral superfield Lagrangian L_{ch} with ∇ •_αL_{ch} = 0. It is, therefore, possible to rewrite eq. (30) to the equivalent form

S_{NM} = ∫ d^4xd^4θE^{−1} [ X(Φ) + X(Φ) ] (32)

We conclude that adding S_{NM} to S_{MSG} is equivalent to the simple change of the Ω-potential as (cf. ref. [22]) Ω → Ω_{NM} = Ω + X(Φ) + X̄(Φ) (33) Because of eq. (26), it amounts to the change of the Kähler potential as

K_{NM} = −3 ln [ e^{−K/3} − X(Φ) + X(Φ) 3 ] (34)

The scalar potential in the matter-coupled supergravity (25) is given by [23] V (ϕ, ϕ̄) = e^G [( ∂^2G ∂ϕ∂ϕ̄ )_{−1} ∂G ∂ϕ ∂G ∂ϕ̄ − 3 ] (35)

in terms of the single (Kähler-gauge-invariant) function G = K + ln |W |^2 (36) Hence, in the nonminimal case (30) we have G_{NM} = K_{NM} + ln |W |^2 (37) Contrary to the bosonic case, one gets a nontrivial Kähler potential K_{NM}, ie.

a Non-Linear Sigma-Model (NLSM) as the kinetic term of ϕ_c = ϕ + iχ (see eg., ref. [24] for more about the NLSM). Since the NLSM target space in general has a nonvanishing curvature, no field redefinition generically exist that could bring the kinetic term to the free (canonical) form with its Kähler potential K_{free} = ΦΦ.

5 F (R) supergravity and chaotic inflation

The textbook (Poincaré) supergravity [19, 20, 21] is the N=1 locally supersymmetric extension of Einstein gravity, with the Einstein-Hilbert gravitational term in the action. The manifestly N=1 locally supersymmetric extension of all f(R) gravity theories (12) was constructed in curved superspace only recently [13] and was called F (R) supergravity.^2

The F (R) supergravity is nicely formulated in a chiral 4D, N=1 superspace where it is defined by the action S = ∫ d^4xd^2θ EF (R) + H.c. (38)

in terms of a holomorphic function F (R) of the covariantly-chiral scalar curvature superfield R, and the chiral superspace density E. The chiral N = 1 superfield R has the scalar curvature R as the field coefficient at its θ^2-term. The chiral superspace density E (in a WZ gauge) reads E = e ( 1 − 2iθσ_aψ̄^a + θ^2B ) (39)

where e = √ −g, ψ^a is gravitino, and B = S − iP is the complex scalar auxiliary field (it does not propagate in the theory (38) despite of the apparent presence of the higher derivatives). The full component structure of the action (38) is very complicated. Nevertheless, it is classically equivalent to the standard N=1 Poincaré supergravity minimally coupled to the chiral scalar superfield, via the supersymmetric Legendre-Weyl-Kähler transform [13]. The chiral scalar superfield is the superconformal mode of a supervielbein (in Minkowski or AdS vacuum).

A relation to the f(R)-gravity theories is established by dropping the gravitino (ψ^a = 0) and restricting the auxiliary field B to its real (scalar) component, B = 3X with X = X. Then, as is shown in ref. [13], the bosonic Lagrangian takes the form L = 2F^′

[_1 3 R + 4X^2 ] + 6XF (40)

It follows that the auxiliary field X obeys an algebraic equation of motion,

3F + 11F^′X + F^{′′}

[_1 3 R + 4X^2 ] = 0 (41)

In those equations F = F (X) and the primes denote the derivatives with respect to X. Solving eq. (41) for X and substituting the solution back into eq. (40) results in the bosonic function f(R). The physical sector of the F (R) supergravity is larger than that of the usual supergravity (ie. graviton and gravitino) due to the extra scalar (inflaton), its pseudo-scalar superpartner (axion) and inflatino.

2A component field construction, by the use of the 4D, N=1 superconformal tensor calculus, was proposed in ref. [25].

It is natural to expand the input function F (R) in power series of R. For instance, when F (R) = f_0 −^1_2 f_1R with some (non-vanishing and complex) coefficients f_0 and f_1, one recovers the standard pure N=1 Poincaré supergravity with a negative cosmological term [13, 26]. A generic R^2 supergravity and the corresponding f(R) functions were studied in ref. [26]. The most relevant term for the slow-roll chaotic inflation in F (R) supergravity is cubic in R. In refs. [27, 28] we examined the model with

F (R) = f_0 −^1_2 f_1R +^1_2 f_2R^2 −^1_6 f_3R^3 (42)

whose real coupling constants f_{0,1,2,3} are of (mass) dimension 3, 2, 1 and 0, respectively. The stability conditions (ie. the absence of ghost and tachyonic degrees of freedom) require f_1 > 0 and f_3 > 0, whereas the stability of the bosonic embedding in F (R) supergravity requires F^′(X) < 0 [26, 27]. For the choice (42) the last condition implies f^2_2 < f_1f_3 (43)

In ref. [27] we used the stronger conditions

f_3 ≫ 1 , f^2_2 ≫ f_1 and f^2_2 ≪ f_1f_3 (44)

The first condition above is needed to have inflation at the curvatures much less than M^2_{Pl} (and to meet observations), while the second condition is needed to have the scalaron (inflaton) mass be much less than M_{Pl}, in order to avoid large (gravitational) quantum loop corrections after the end of inflation up to the present time. The last condition in eq. (44) was used in ref. [27] for simplicity: then the second term on the right-hand-side of eq. (42) does not affect inflation.

Equation (40) with the Ansatz (42) in the case of f_0 = 0 (for simplicity) reads

L = −5f_3X^4 + 11f_2X^3 − (7f_1 +^1_3 f_3R)X^2 +^2_3 f_2RX −^1_3 f_1R (45)

and gives rise to a cubic equation on X,

X^3 − ( 33f_2 20f_3 ) X^2 + ( 7f_1 10f_3 + 1 30 R ) X − f_2 30f_3

R = 0 (46)

The high curvature regime including inflation is given by

δR < 0 and |δR| R_0 ≫ ( f^2_2 f_1f_3 )_{1/3} (47)

where we have introduced the notation R_0 = 21f_1/f_3 > 0 and δR = R+R_0. With our sign conventions we have R < 0 during the de Sitter and matter dominated stages. In the regime (47) the f_2-dependent terms in eqs. (45) and (46) can be neglected, and we get X^2 = −^1_{30} δR (48) and L = − f_1 3 R + f_3 180 (R + R_0)^2 (49)

The value of the coefficient R_0 is not important in the high-curvature regime. In fact, it may be changed by the constant f_0 ≠ 0 in the Ansatz (42). Thus eq. (49) reproduces the inflationary model (13) since inflation occurs at |R| ≫ R_0. Therefore, we can identify

f_3 = 15 M^2

≈ 6 · 10^{10} (50)

where we have used the WMAP-fixed inflaton mass M value [27].

The only significant difference with respect to the original (R+R^2) inflationary model is the scalaron mass that becomes much larger than M in supergravity, soon after the end of inflation when δR becomes positive. However, it only makes the scalaron decay faster and creation of the usual matter (reheating) more effective.

The whole series in powers of R may also be considered, instead of the limited Ansatz (42). The only necessary condition for embedding inflation is that f_3 should be anomalously large. When the curvature grows, the R^3-term should become important much earlier than the convergence radius of the whole series without that term.

The model (42) with a sufficiently small f_2 obeying the conditions (44) gives a simple (economic) and viable realization of the chaotic (R + R^2)-type inflation in supergravity, thus overcoming the known (generic) difficulty with realization of chaotic inflation in supergravity known as the η-problem [29], without resorting to flat directions and without an extra matter superfield with the tuned superpotential needed for stabilization of the inflationary trajectory [30, 31, 32].

6 Chaotic inflation in F (R) supergravity and nonminimal coupling

Let’s now consider the full action (30) under the slow-roll condition, ie. when the contribution of the kinetic term is negligible. Then eq. (30) takes the truly chiral form S_{ch.} = ∫ d^4xd^2θE [X(Φ)R + W (Φ)] + H.c. (51)

When choosing X as the independent chiral superfield, S_{ch.} can be rewritten to the form S_{ch.} = ∫ d^4xd^2θE [XR − Z(X)] + H.c. (52)

where we have introduced the notation

Z(X) = −W (Φ(X)) (53)

In its turn, the action (52) is equivalent to the chiral F (R) supergravity action (38), whose function F is related to the function Z via Legendre transformation,

Z = XR − F , F^′(R) = X and Z^′(X) = R (54)

It implies the equivalence between the reduced action (51) and the corresponding F (R) supergravity whose F -function obeys eq. (54).

Next, let us consider the special case of eq. (51) when the superpotential is given by W (Φ) = 1 2 mΦ^2 + 1 6 λ̃Φ^3 (55)

with the real coupling constants m > 0 and λ̃ > 0. The model (55) is known as the Wess-Zumino (WZ) model in 4D, N=1 rigid supersymmetry. It has the most general renormalizable scalar superpotential in the absence of supergravity. In terms of the field components, it gives rise to the Higgs-like scalar potential.

For more simplicity, let’s take a cubic superpotential,

W_3(Φ) = 1 6 λ̃Φ^3 (56)

or just assume that this term dominates in the superpotential (55), and choose the X(Φ)-function in eq. (51) in the form

X(Φ) = −ξΦ^2 (57)

with a large positive coefficient ξ, ξ > 0 and ξ ≫ 1, in accordance with eq. (28).

Let’s also simplify the F -function of eq. (42) by keeping only the most relevant cubic term, F_3(R) = − 1 6 f_3R^3 (58)

It is straightforward to calculate the Z-function for the F -function (58) by using eq. (54). We find −X = 1 2 f_3R^2 and Z^′(X) = √ −2X f_3

(59)

Integrating the last equation with respect to X yields Z(X) = − 2 3 √ 2 f_3

(−X)^{3/2} = − 2 √ 2 3 ξ^{3/2} f^{1/2}_3

Φ^3 (60)

where we have used eq. (57). In accordance to eq. (53), the F (R)-supergravity Z-potential (60) implies the superpotential

W_{KS}(Φ) = 2 √ 2 3 ξ^{3/2} f^{1/2}_3

Φ^3 (61)

It coincides with the superpotential (56) of the WZ-model, provided that we identify the couplings as

f_3 =

32ξ^3 λ̃2 (62) We thus conclude that the original nonminimally coupled matter-supergravity theory (30) in the slow-roll approximation with the superpotential (56) is classically equivalent to the F (R)-supergravity theory with the F -function given by eq. (58) when the couplings are related by eq. (62).

The inflaton mass M in the supersymmetric case, according to eqs. (50) and (62) is thus given by

M^2 =

15λ̃^2 32ξ^3

(63)

Therefore, according to eqs. (23), (50), (62) and (63), the value of ξ in the supersymmetric case is ξ^3_{susy} = (45/32)ξ^2_{bos}, or ξ_{susy} ≈ 10^3. We have assumed here that λ̃ ≈ O(1).

7 Conclusion

In this paper we proved the equivalence of two different (viable and well known) physical theories of inflation (Higgs inflation vs. (R+R^2) inflation), and extended it to supergravity. These results are important because resolution between various inflationary theories is one of the main objectives in modern cosmology. It follows from our results that the CMB alone cannot distinguish between the Higgs and the (R + R^2) inflation. However, reheating in both theories is different. In both models gravity is modified, so the effective gravitational constant becomes time- and (generically) space-dependent, which is of particular importance during inflation. However, the physical nature of inflaton in the f(R) gravity and the scalar-tensor gravity is very different. In the f(R) gravity the inflaton field is the spin-0 part of metric, whereas in the scalar-tensor gravity inflaton is a matter particle. The inflaton interactions with other matter fields are, therefore, different in both theories. It gives rise to different inflaton decay rates and different reheating, ie. implies different physics after inflation (see ref. [10] too). The same remarks apply to the supergravity case. Nevertheless, we expect the equivalence between the non-minimally coupled supergravity and the F (R) supergravity to hold during initial reheating with harmonic oscillations. In the bosonic case the equivalence holds until the inflaton field value is higher than M_{Pl}/ξ_{bos} ≈ 10^{−5}M_{Pl}. In the supersymmetric case we find the similar bound at M_{Pl}/ξ^{3/2}susy ≈ 10^{−5}M_{Pl}.

It should also be emphasized that our supergravity extension of Higgs inflation is truly minimal: it does not have extra symmetries, extra fields and/or extra interactions beyond those required by N = 1 local (Poincaré) supersymmetry (compare e.g., with the N = 1 superconformal approach in ref. [33]).

The established equivalence also begs for a fundamental reason. In the highcurvature (inflationary) regime the R^2-term dominates over the R-term in the Starobinsky f(R)-gravity function (13), while the coupling constant in front of the R^2-action (12) is dimensionless. The Higgs slow-roll inflation is based on the Lagrangian (1), where the ξϕ^2_J dominates over 1 (in fact, over M^2_{Pl}) in front of the gravitational R-term, and the relevant scalar potential is given by V_4 =^1_4 λϕ^4_J since the parameter v is irrelevant for inflation, while the coupling constants ξ and λ are also dimensionless. Therefore, both actions are scale invariant in the high field (or high energy) limit. Inflation spontaneously breaks that symmetry.

The supersymmetric case is similar: the nonminimal action (51) with the Xfunction (57) and the superpotential (56) also has only dimensionless coupling constants ξ and λ̃, while the same it true for the F (R)-supergravity action with the F -function (58), whose coupling constant f_3 is dimensionless too. Therefore, those actions are also asymptotically scale invariant, while inflation spontaneously breaks that invariance.

A spontaneous breaking of the scale invariance necessarily leads to Goldstone particle (dilaton) associated with the spontaneously broken scale transformations (dilatations). So, perhaps, the scalaron (inflaton) of Sec. 3 should be identified with the Goldstone dilaton related to the spontaneously broken scale invariance (dilatations)!

The basic field theory model, describing both inflation and subsequent reheating, reads (see eg., eq. (6) in the second paper of ref. [34]) L/ √ −g = 1 2 ∂_μϕ∂^μϕ − V (ϕ) + 1 2 ∂_μχ∂^μχ − 1 2 m^2_χχ^2 + 1 2 ξ̃Rχ^2 + ψ̄(iγ^μ∂_μ − m_ψ)ψ − 1 2 g^2ϕ^2χ^2 − h(ψ̄ψ)ϕ (64) with the inflaton scalar field ϕ interacting with another scalar field χ and a spinor field ψ. The nonminimal supergravity (30) with the WZ superpotential (55) can be considered as the N=1 locally supersymmetric extension of the basic model (64), after rescaling ϕ_c to (1/ √ 2)ϕ_c and identifying ξ̃ = − 13 ξ because of eq. (29). Therefore, pre-heating (ie. the nonperturbative enhancement of particle production due to broad parametric resonance [34]) is a generic feature of supergravity.

The axion χ and fermion ψ are both required by supersymmetry, being in the same chiral supermultiplet with the inflaton ϕ. The scalar interactions are

V_{int}(ϕ, χ) = mλ̂ϕ(ϕ^2 + χ^2) + λ̂2 4 (ϕ^2 + χ^2)^2 (65)

whereas the Yukawa couplings are given by

L_{Yu} = 1 2 λ̂ϕ(ψ̄ψ) + 1 2 λ̂χ(ψ̄iγ_5ψ) (66)

Supersymmetry implies the unification of couplings since h = −^1_2λ̂ and g^2 = λ̂^2 in terms of the single coupling constant λ̂. If supersymmetry is unbroken, the masses of ϕ, χ and ψ are all the same. However, inflation already breaks supersymmetry, so the spontaneously broken supersymmetry is appropriate here.

Finally, it can be argued that the classical equivalence is broken in quantum theory because the classical equivalence is achieved via a non-trivial field redefinition. When doing that field redefinition in the path integrals defining those quantum theories (under their unitarity bounds), it gives rise to a non-trivial Jacobian that already implies the quantum nonequivalence, even before taking into account renormalization.^3

In the supergravity case, there is one more clear reason for the quantum nonequivalence between the F (R) supergravity and the classically equivalent matter (nonminimally) coupled supergravity. The Kähler potential of the inflaton chiral superfield is described by a full superspace integral and, therefore, receives quantum corrections that can easily spoil classical solutions describing an accelerating universe. Actually, it was the main reason for introducing flat directions in the Kähler potential and realizing slow-roll inflation in supergravity by the use of a chiral scalar superpotential along the flat directions [29, 30]. The F (R) supergravity action is truly chiral, so that the function F (R) is already protected against the quantum perturbative corrections given by full superspace integrals. It explains why we consider F (R) supergravity as the viable and selfconsistent alternative to the Kähler flat directions for realizing slow-roll inflation in supergravity.

Acknowledgements

SVK was supported in part by the SFB 676 from the University of Hamburg and DESY (as a fellow), by the special Fund of the TMU Faculty of Science, and by the World Premier International Research Center Initiative (WPI Initiative, MEXT) in Japan. AAS acknowledges the RESCEU hospitality as a visiting professor. AAS was partially supported by the Russian Foundation for Basic Research (RFBR) under the grant 11-02-12232-ofi-m-2011. The authors are grateful to F. Bezrukov, D. Gorbunov, M. Shaposhnikov, S. Theisen and A. Westphal for discussions.

3See ref. [35] for the first steps of quantization with a higher time derivative.

References

[1] F. Bezrukov and M. Shaposhnikov, Phys. Lett. B 659, 703 (2008), arXiv:0710.3755 [hep-th];

F. Bezrukov, D. Gorbunov and M. Shaposhnikov, JCAP 0906 (2009) 029, arXiv:0812.3622 [hep-ph];

F. Bezrukov, A. Magnin, M. Shaposhnikov and S. Sibiryakov, JHEP 1101 (2011) 016, arXiv:1008.5157 [hep-ph]

[2] A. O. Barvinsky, A. Yu. Kamenshchik and A. A. Starobinsky, JCAP 0811, 021 (2008), arXiv:0809.2104 [hep-ph]

[3] F. L. Bezrukov, A. Magnin and M. Shaposhnikov, Phys. Lett. B 675, 88 (2009), arXiv:0812.4960 [hep-ph];

F. Bezrukov and M. Shaposhnikov, JHEP 0907, 089 (2009), arXiv:0904.1537 [hep-ph]

[4] A. De Simone, M. P. Hertzberg and F. Wilczek, Phys. Lett. B 678 (2009) 1, arXiv:0812.4946 [hep-ph];

J. Garcia-Bellido, D. G. Figueroa and J. Rubio, Phys. Rev. D 79, 063531 (2009), arXiv:0812.4624 [hep-ph]

[5] A. O. Barvinsky, A. Yu. Kamenshchik, A. A. Starobinsky and C. Steinwachs, JCAP 0912, 003 (2009), arXiv:0904.1698 [hep-ph]

[6] A. A. Starobinsky, Phys. Lett. B91 (1980) 99

[7] A. A. Starobinsky, Nonsingular model of the Universe with the quantumgravitational de Sitter stage and its observational consequences, in the Proceedings of the 2nd Intern. Seminar “Quantum Theory of Gravity” (Moscow, 13–15 October, 1981); INR Press, Moscow 1982, p. 58–72 (reprinted in “Quantum Gravity”, M. A. Markov and P. C. West Eds., Plemum Publ. Co., New York, 1984, p. 103–128)

[8] A. Vilenkin, Phys. Rev. D 32, 2511 (1985)

[9] V. F. Mukhanov and G. V. Chibisov, JETP Lett. 33 (1981) 532;

A. A. Starobinsky, Sov. Astron. Lett. 9 (1983) 302

[10] F. L. Bezrukov and D. S. Gorbunov, arXiv:1111.4397 [hep-ph]

[11] D. S. Gorbunov and A. G. Panin, Phys. Lett. B 700, 157 (2011), arXiv:1009.2448 [hep-ph]

[12] B. L. Spokoiny, Phys. Lett. B 147, 39 (1984)

[13] S. J. Gates, Jr., and S. V. Ketov, Phys. Lett. B674 (2009) 59, arXiv:0901.2467 [hep-th];

S. V. Ketov, Class. Quant. Grav. 26 (2009) 135006, arXiv:0903.1251 [hepth];

S. V. Ketov, F (R) Supergravity, AIP Conf. Proc. 1241 (2010) 613, arXiv:0910.1165 [hep-th];

S. V. Ketov, Phys. Lett. B692 (2010) 272, arXiv:1005.3630 [hep-th]

[14] T. P. Sotiriou and V. Faraoni, Rev. Mod. Phys. 82 (2010) 451, arXiv:0805.1726 [hep-th];

A. De Felice and S. Tsujikawa, Living Rev. Rel. 13 (2010) 3, arXiv:1002.4928 [hep-th]

[15] A. D. Linde, Phys. Lett. B129 (1983) 177

[16] S. Kaneda, S. V. Ketov and N. Watanabe, Mod. Phys. Lett. A25 (2010) 2753, arXiv:1001.5118 [hep-th]

[17] E. Komatsu et al., Astrophys. J. Suppl. 192 (2011) 18, arXiv:1001.4538 [astro-ph]

[18] B. Whitt, Phys. Lett. B145 (1984) 176;

V. Müller, H.-J. Schmidt, A. A. Starobinsky, Phys. Lett. B202 (1988) 198; J. D. Barrow, S. Cotsakis, Phys. Lett. B214 (1988) 515; K.-I. Maeda, Phys. Rev. D39 (1989) 3159

[19] S. J. Gates, Jr., M. T. Grisaru, M. Roček and W. Siegel, Superspace or 1001 Lessons in Supersymmetry, Benjamin-Cummings Publ. Company, 1983, arXiv:hep-th/0108200

[20] J. Wess and J. Bagger, Supersymmetry and Supergravity, Princeton University Press, 1992

[21] I. L. Buchbinder and S. M. Kuzenko, Ideas and Methods of Supersymmetry and Supergravity, IOP Publishers, 1998

[22] M. B. Einhorn and D. R. T. Jones, JHEP 1003 (2010) 026, arXiv:0912.2718

[23] E. Cremmer, B. Julia, J. Scherk, S. Ferrara, L. Girardello and P. van Nieuwenhuizen, Nucl. Phys. B147 (1979) 105

[24] S. V. Ketov, Quantum Non-linear Sigma-models, Springer-Verlag, 2000

[25] S. Cecotti, Phys. Lett. B190 (1987) 86

[26] S. V. Ketov and N. Watanabe, JCAP 1103 (2011) 011, arXiv:1101.0450 [hep-th]

[27] S. V. Ketov and A. A. Starobinsky, Phys. Rev. D83 (2011) 063512, arXiv:1011.0240 [hep-th]

[28] S. V. Ketov and N. Watanabe, Phys. Lett. B705 (2011) 410, arXiv:1109.3245 [hep-th]

[29] H. Murayama, H. Suzuki, T. Yanagida and J. Yokoyama, Phys. Rev. D50 (1994) 2356, arXiv:hep-ph/9311326

[30] M. Kawasaki, M. Yamaguchi and T. Yanagida, Phys. Rev. Lett. 85 (2000) 3572, arXiv:hep-ph/0004243

[31] R. Kallosh and A. Linde, JCAP 1011 (2010) 011, arXiv:1008.3375 [hep-th]

[32] A. Linde, M. Noorbala and A. Westphal, JCAP 1103 (2011) 013, arXiv:1101.2652

[33] S. Ferrara, R. Kallosh, A. Linde, A. Marrani, A. Van Proeyen, Phys. Rev.

D83 025008 (2011), arXiv:1008.2942 [hep-th]

[34] L. A. Kofman, A. D. Linde and A. A. Starobinsky, Phys. Rev. Lett. 73 (1994) 3195, arXiv:hep-th/9405187; Phys. Rev. D56 (1997) 3258, arXiv:hepph/9704452

[35] S. V. Ketov, G. Michiaki and T. Yumibayashi, Quantizing with a higher time derivative, in “Aspects of Quantum Field Theory”, ISBN:979-953-307-392-6, InTech Publishers (2012), p. 49–73, arXiv:1110.1155 [hep-th].