arXiv:1109.2079v4 [hep-ph] 29 May 2012

hep-th/yymmnnn SCIPP 11/03

Studies in Small Field Inflation

Michael Dine and Lawrence Pack

Santa Cruz Institute for Particle Physics and Department of Physics, Santa Cruz CA 95064

Abstract

We explore some issues in slow roll inflation in situations where field excursions are small compared to Mp. We argue that for small field inflation, minimizing fine tuning requires low energy supersymmetry and a tightly constrained structure. Hybrid inflation is almost an inevitable outcome. The resulting theory can be described in terms of a supersymmetric low energy effective action and inflation completely characterized in terms of a small number of parameters. Demanding slow roll inflation significantly constrains these parameters. In this context, the generic level of fine tuning can be described as a function of the number of light fields, there is an upper bound on the scale of inflation, and an (almost) universal prediction for the spectral index. Models of this type need not suffer from a cosmological moduli problem.

1 Introduction

There is good evidence that the universe underwent a period of inflation early in its history. Yet it is probably fair to say that there do not exist completely reliable, calculable microscopic theories of inflation. Slow roll inflation provides a simple phenomenology; many, if not most, microscopic scenarios for inflation, involving branes, extra dimensions and the like, admit such a description. Indeed, slow roll inflation makes clear why it is nearly impossible, at present, to formulate a compelling microscopic theory. Planck scale effects are necessarily important, and this requires a full understanding of issues like dynamics of moduli and supersymmetry breaking, even within a consistent theory of gravity (i.e. a string model). Even as a phenomenology, there are a number of models for slow roll inflation. We follow the review of Lyth[1] in dividing these into “large field”, “medium field” and “small field” types, where large, medium or small here refers to field variations much larger than, comparable, or much smaller than the Planck mass.

Almost by definition, large or medium field inflation is difficult to describe in a systematic fashion, without a complete theory of quantum gravity. Small field inflation, however, is another matter. Here one should be able to characterize inflaton in terms of a low energy effective action for some number of light fields, with a limited set of relevant parameters.^{1,2} This is the goal of the present paper. We will see that with some very mild assumptions about genericity, we can characterize small field inflation quite simply:

1. The effective theory should exhibit an approximate (global) supersymmetry. Otherwise, the theory is extremely tuned.

2. The effective theory should obey a discrete R symmetry. This accounts for smallness of the superpotential during inflation, the absence of terms in the effective action which would spoil inflation, and leads to an approximate R symmetry which accounts for supersymmetry breaking. While many models of inflation posit a continuous R symmetry, such symmetries almost certainly don’t exist in consistent theories of quantum gravity.

3. Supersymmetry is spontaneously broken in the effective theory which describes inflation. This breaking is not related in any simple way to the breaking of supersymmetry in the universe at present and the scale is far higher than the TeV scale.

4. The (approximate) goldstino may or may not lie in a multiplet with the inflaton.

5. The effective theory exhibits an approximate, continuous R symmetry, as an accidental (but typical) consequence of the discrete R symmetry.

1Expansions of this type have been considered by various authors; an early discusison appears in [2]. 2Here we are not using “relevant” in the conventional renormalization group sense; but instead referring to their relevance to inflation; the correspondence to the usual terminology will be clear shortly.

6. The continuous R symmetry is not exact; terms allowed by the discrete symmetry break the continuous global symmetry and spoil inflation, unless the inflationary scale (the square of the Goldstino decay constant) is sufficiently small. In other words, there is an upper bound on the scale of inflation.

7. If the requirement above is satisfied, there are further requirements on the Kahler potential in order to obtain slow roll inflation with adequate e-foldings. This sets an irreducible minimum amount of fine tuning necessary to achieve acceptable inflation. This tuning grows in severity with the number of Hubble mass fields.

8. In order that inflation ends, the inflaton must couple to other light degrees of freedom, or must have appreciable self-couplings in the final ground state. The coupling to this extra field, or the self couplings, are fixed by^{δρ}_ρ and the inflationary scale. In the case of an extra field, the resulting structure is necessarily what is called “hybrid inflation”[3, 4, 5, 2, 6]. In the latter, which we will call “R breaking inflation” (RBI), further fine tuning is required. In either case, the spectral index is less than one.

Many of these points have been made before, but perhaps not in the systematic fashion discussed here; in particular, the inevitability of this structure for small field inflation does not seem to be appreciated. Similarly, most models of hybrid inflation invoke supersymmetry and R symmetries[6, 4, 5, 2, 7, 8, 9, 10]. However, the approximate supersymmetry of the effective action has not been stressed; more important, the R symmetries have generally been taken to be continuous, and the consequences of discreteness, particularly the upper bound on the scale of inflation, have not been considered before, to our knowledge. The restrictions on the Kahler potential have been noted in early work[4, 6], but then seem frequently ignored; their role in determining the irreducible level of fine tuning and the possible number of e-foldings, particularly sharp in light of the observations about R symmetry, does not seem to have been appreciated.

Given the role of supersymmetry in small field inflation, it is natural to investigate embedding this structure into theories of low energy breaking. This has the potential to expose connections between scales of inflation and scales of low energy physics, as we discuss. Ideas concerning metastable, dynamical supersymmetry breaking raise the prospect of sharpening these connections further.

In the following sections, we elaborate on each of these points. In section 2, we explain the requirement for supersymmetry and the structure of the effective action. In sections 3,4, we relate the inflationary observables to the parameters of the effective action. In section 6, we determine how the level of fine tuning depends on the number of fields. In section 7, we obtain an upper bound on the scale of inflation from interactions which violate the continuous R symmetry. Section 8 discusses the problem of reheating. In section 9, we consider possible alternative structures which might result from relaxing our assumptions; non-hybrid models can arise but require some additional fine tuning and/or degrees of freedom. In sections 10,11, we extend the inflationary models to generate low energy supersymmetry breaking, in the latter section dynamically. In our concluding section, we briefly consider large field inflation and provide an assessment.

2 Inflation as Spontaneous Supersymmetry Breaking

If we impose some fine tuning or genericity constraints, we can characterize small field inflation quite simply. First we require a field which is light compared to the Hubble constant during inflation, H_0. Scalar fields with mass of order H_0 are already unnatural, unless the theory, at least at these scales, is supersymmetric^3. As we will review, scalar fields with mass much smaller than H_0, even with supersymmetry, are unnatural. So having one field light compared to H_0 represents a fine tuning; it would seem unlikely that there is more than one such field. For H_0 ≪ M_p, we can write a supergravity effective action in an approximately flat space. More precisely, given our assumption that the inflaton is small compared to M_p, the system is described, approximately, by a globally supersymmetric effective action which exhibits spontaneous supersymmetry breaking. This may seem obvious, but it is perhaps worth pointing out that it follows from the assumption of small field excursions. Consider, for simplicity, a single light field, S. For fields small compared to M_p, we can write:

K ≈ K_0 + S^†S + α

(S^†S)^2 M^2_p

+ . . . (1)

Similarly, we can expand W in a power series in S.

W = W_0 + μ^2S + m 2 S^2 + λ 3 S^3 + . . . . (2)

Because of the small field assumption, W_0 cannot dominate during inflation, so

W_0 < H_0M^2_p . (3)

Then μ^2 ∼ H_0M_p. The slow roll conditions then imply

W_0 ≪ μ^2M_p; m ≪ μ ( μ M_p ) ; λ ≪ μ^2 M^2_p

. (4)

There are also constraints on the Kahler potential parameter α which we will discuss shortly. Formulated in this way, the fermionic component of S is the Goldstino, and its scalar component is the inflaton. The possibility that there is another chiral field, whose scalar component is the inflaton will be considered further when we discuss the Kahler potential constraints.

The absence (smallness) of terms W_0, S^2, S^3 is most readily accounted for if the theory possesses an R symmetry. A constant in the superpotential can only be forbidden by an R symmetry. Powers of S might be accounted for if S carries a charge, and μ^2 is a spurion for the corresponding symmetry.

3Ordinary dynamical symmetry breaking is problematic, since one needs a vast mismatch between the associated energy scale and the mass scale of the excitations; Goldstone excitations, as in “natural” inflation, require decay constants much greater than the Planck scale.

This can be understood as a version of the Nelson-Seiberg theorem[11], which requires an (approximate) continuous R symmetry for (meta-)stable supersymmetry breaking. Because we do not expect continuous global symmetries, we will assume that the underlying R symmetry is discrete (and we will, in general, take it to be Z_N , N > 2), while the continuous symmetry is an accident. In a moment, we will see that there are further reasons that an R symmetry seems necessary for successful inflation.

At the end of inflation, supersymmetry must be restored, and the cosmological constant vanish. One might try to model this without adding additional degrees of freedom. Once the R symmetry is understood as a discrete symmetry, one expects higher order terms in the S superpotential, and supersymmetric vacua at large fields. We will see that understanding inflation in terms of flow towards such a minimum is possible, but adds additional complications. So we will first add additional degrees of freedom coupled to S. For the moment we will suppose that there is one such field, ϕ. Any additional light fields coupled to S are likely to be quite light at the end of inflation. ϕ gains mass by combining with S; if ϕ were, say, in a non-trivial representation of a non-abelian symmetry, only one component could gain mass through this coupling; we will discuss this issue further later. We are led, then, to write

W = S(κϕ^2 − μ^2) + non − renormalizable terms. (5)

This system has a supersymmetric minimum at κϕ^2 = μ^2, S = 0. Classically, however, it has a moduli space with |κS|^2 > |κμ^2|. (6) This pseudomoduli space will be lifted both by radiative corrections in κ, quantum and Planck-supressed terms in the Kahler potential, and the non-renormalizable terms in the superpotential. As we will see, all are necessarily relevant if inflation occurs in the model. Inflation takes place on this pseudomoduli space; ϕ is effectively pinned at zero during inflation.

The R symmetry now explains the absence of additional dangerous couplings, such as ϕ^2. Perhaps most strikingly, though, it forbids a constant in the superpotential, guaranteeing that at the end of inflation, when supersymmetry is (nearly) restored, the vacuum energy (nearly) vanishes. We will explore, in section 9, non-hybrid models in which the superpotential must be suitably tuned.

Three points should be noted:

1. The assumption that the symmetry is discrete means couplings like^{SN +1}_{M N −2p} are permitted, and, as we will soon see, they significantly constraint inflation.

2. There are additional conditions, as we will shortly enumerate, on the Kahler potential in order that one obtain inflation with an adequate number of e-foldings. These constitute at least one fine tuning needed to obtain an inflaton with mass small compared to the Hubble scale.

3. This structure is not unique; the inflaton need not lie in a supermultiplet with the Goldstino. If there are several multiplets with non-zero R charges, it is possible to tune parameters so that the scalar component of one of these other multiplets is light, while the partner of the Goldstino is heavy. As an example, one can contemplate another field, I. If I couples simply to ϕ^2, this is problematic; inflation does not end. So it is necessary to introduce a field ϕ^′, and take for the superpotential

W = S(κϕ^2 − μ^2) + λIϕϕ^′ + . . . (7)

Note that at the minimum of the potential (assumed to be at S = I = ϕ^′ = 0), all fields are massive.

4. When we consider the constraints arising from points (1) and (2) above, and the values of the cosmological parameters, we will see that the basic hybrid model of eqn. 5 does not produce suitable inflation unless the N of the Z_N is very large. The model of eqn. 7, on the other hand, does produce successful inflation for suitable values of the parameters and modest N.

5. We will see that these structures can be embedded in a model of low energy supersymmetry breaking. This is not required, but would seem elegant and economical.

3 The Structure of the Effective Action

In this section, we assume supersymmetry at scales above the Hubble constant of inflation, and the presence of a discrete Z_N R-symmetry. We focus, for now, on the single field model. Our considerations will generalize immediately to the multi-field case. For slow roll, it is crucial that the curvature of the S potential, during inflation, be smaller than the Hubble constant, V^{′′} ≪ μ^4 M^2_p

. (8)

This is a strong condition, and as we will describe, requires tuning the parameters of the potential for S. An even stronger condition arises from the requirement that the field actually flows towards the minimum at the origin.

We have already argued that an R symmetry is a necessary ingredient in successful small-field inflation. Because we do not expect continuous global symmetries in nature, the R symmetry must be discrete; we will take it to be Z_N . So the superpotential has the form of eqn. 5, but with additional terms, which we assume to be Planck suppressed^4:

W = S(κϕ^2 − μ^2) + W_R; W_R = λ 2(N + 1) S^{N+1} M^{N−2}p + O ( S^{2N+1} M^{2N−2} p ) . (9)

We have called the S^{N+1} term W_R because it breaks the would-be continuous R symmetry.

4Such terms in inflationary models have been considered in [12], where they also play an important role; the scales assumed there, and the detailed picture of inflation, are quite different, though they resemble some of our discussion in section 9.

The Kahler potential is critical to obtaining a mass for S much smaller than the Hubble constant and successful inflation. Expanding in powers of S, and exploiting the assumption of R symmetry, it takes the form K = S^†S + ϕ^†ϕ − α 4M^2_p

(S^†S)^2 + . . . . (10)

We are assuming that, apart from μ, the Planck scale is the only relevant scale; if this is not the case, the fine-tuning problems we discuss below will be more severe. With this assumption, the neglected terms will not be important when the fields are small. We have assumed that other physics is controlled by the Planck scale.

For large values of the fields, the supergravity contributions to the potential, arising from the quartic terms in the Kahler potential, dominate the potential for S. Most importantly, they give rise to a quadratic term[4, 6]: V_{SUGRA} = αμ^4 S^†S M^2_p

. (11)

For lower values of S, the quantum corrections arising from integrating out ϕ, can be important. In particular, in the regime where |κ^2S^2| ≫ |κμ^2| (i.e. on the pseudo moduli space, eqn. 6), these corrections are easily computed[5, 6, 10]: δK_{quant}(S, S^†) = κ^2 16π^2

S^†S log(S^†S). (12)

This Kahler potential is appropriate to the description of the theory at scales below κS, and at times when S is slowly varying. The corresponding quantum correction to the potential is: V_{quant} = κ^2 16π^2 μ^4 log(S^†S) (13)

The quantum corrections will dominate on the pseudo moduli space if the scale, S_{quant}, below which the quantum contribution to the potential are larger than the supergravity contribution, lies on the moduli space. S_{quant} is obtained by comparing the second derivative of V_{SUGRA} with that of V_{quant}: |S^2_{quant}| = 1 2α κ^2 16π^2

M^2_p . (14)

The structure we have outlined above constitutes what is usually called supersymmetric hybrid inflation[4, 5, 2, 6, 7, 8, 9, 10], but with the modification W_R. Again we see that with the assumption of small field excursions (compared to M_p), and some modest assumptions about naturalness, hybrid inflation is almost inevitable. After further studies of this structure, we will subject the various assumptions to closer scrutiny, and ask whether some may be relaxed.

So far we have neglected W_R. This term creates an additional potential on the pseudo moduli space (indeed it is not sensible to speak of such a moduli space in anything but an approximate sense, even neglecting supersymmetry breaking). The leading correction to the potential behaves as λμ^2S^N M^{N−2}p . (15)

For sufficiently large field, this overwhelms both V_{SUGRA} and V_{quant}. The potential, in this regime, is not flat enough to inflate. As we will see, this constrains μ.

4 Inflation in the Single Field model

In this section, we attempt to implement inflation in the single field model. We will encounter difficulties, finding that the model is not compatible with facts of cosmology except for very large N. But the model will be illustrative and is readily modified to accommodate astrophysical observations.

Let us first suppose that W_R is sufficiently suppressed that it can be ignored during inflation. We will quantify this in the next section. Our interest is in inflation on the pseudo moduli space. The S potential arises from the Kahler potential. The slow roll conditions are: η = V^{′′} V M^2_p ≪ 1; ϵ = 1 2 ( V^′ V )_2 M^2_p ≪ 1. (16)

If V_{SUGRA} dominates, both conditions are satisfied if α ≪ 1, and if |S| ≪ M_p; these are minimal conditions for successful inflation in any case.

If there is a region where V_{quant} dominates, i.e. if quantum corrections dominate over the supergravity potential before reaching the “waterfall regime” (|κtS| ≫ vertμ|), then inflation may end before S reaches the waterfall regime; η ≈ 1 for [5]:

S^2_f = κ^2 8π^2

M^2_p . (17)

Alternatively, inflation may end when one enters the waterfall region, S_{wf} = 1 κ μ (18)

We will see now that the requirement that κ be suitable to lead to sufficient inflation yields

S_{qu} ≪ S_{wf} (19)

So inflation, if it occurs at all, takes place in the supergravity regime. This is problematic, if nothing else, from the point of view of the spectral index, n_s,

n_s = 1 + 2η. (20)

In the supergravity regime, this is greater than one, which appears inconsistent with results from WMAP.^5

5We should stress that this is an issue in the particular class of hybrid inflation models considered here; ”inflection point models” and possibly other small field models can accommodate a “blue” spectrum[13]. In the present context, we will shortly see that the spectrum is blue as a result of quantum effects.

Following [6], we treat S as real (this implies no loss of generality provided slow roll is valid and for small fields, i.e. when W_R is negligible), and define σ = √ 2S. The number of e-foldings in the supergravity regime is: N = ∫_{σi} σ_0 dσ V V^′M^2_p

(21)

where σ_0 is the larger of σ_{quant}, σ_{wf} . This yields: N = 1 2α log σ_i σ_{quant} , (22)

The total number of e-foldings in the would-be quantum regime is N_{quant} = 1 4α . (23)

σ_i, the initial value of the field, is not yet constrained by any of our considerations. For now we see that significant inflation requires that α is small. Generically, this is a tuning, of order^1_N (possibly modulo a logarithm). This is irreducible.

If there are 60 or so e-foldings in the quantum regime, we can determine the values of the slow roll parameters purely in terms of known quantities.^{δρ}_ρ is determined in terms of μ and κ:

V^{3/2}/V^′ = 5.15 × 10^{−4}M^3_p . (24)

This expression determines μ in terms of κ (or vice versa):

κ = 0.17 × ( μ 10^{15}GeV

)_2

= 7.1 × 10^5 × ( μ M_p )_2 . (25)

Assuming 60 e-foldings of inflation in the quantum regime, we have, then, for S 60 e-foldings before the end of inflation,

S_{60} = κ 4π √ 60M_p. (26)

Substituting our result for κ, the condition that one not have already entered the waterfall regime is:

S_{60} S_{wf} = κ^2 √ 60 4π ( M_p μ ) = 4 × 10^{12} ( μ M_p )_3 (27)

The requirement that this be much greater than one yields: μ M_p ≫ 10^{−4}. (28)

This is a rather high scale.

We will see in section 7 that there is an upper bound on the scale of inflation, μ (depending on N). Only for very large N or small λ are scales as large as those of eqn. 36 achievable.

5 Inflation in the Two Field Model

The difficulty we have encountered in the single field model can be resolved by invoking the model of eqn. 7, with two Hubble-mass fields. In this model, as we noted, the inflation is not the partner of the Goldstino. The quantum potential is now: δK_{quant}(S, S^†, I, I^†) = κ^2 16π^2

S^†S log(I^†I). (29)

The condition on κ required to obtain a suitable fluctuation spectrum is essentially as before, with S replaced by I; similarly for the formula for the number of e-foldings. But the condition that I_{qu} ≫ I_{wf} is now much different, since I_{wf} = κμ^2 λ (30)

and λ can be of order one. Indeed, in this model, inflation ends when I is sufficiently small that η ≈ 1, which occurs well before reaching the waterfall regime.

In the limit in which we study, in which supergravity corrections are unimportant, η and n_s are universal, and ϵ is small. η = − 1 N ; n_s = 1 + 2η. (31)

So one expects, quite generally, that if inflation occurs in the quantum regime, n_s ≈ 0.98. Again, we note that if inflation occurs in the supergravity regime, one predicts n_s > 1, which appears to be ruled out by current CMBR observations.

6 Tuning and the Number of Light Fields

So far, we have taken the point of view that in a supersymmetric framework, fields light on the scale H_0 are natural. However, tuning is required to have at least one field much lighter than H_0. Here we note that the degree of tuning grows with the number of light fields which can mix with the inflaton (with the same quantum numbers as the inflaton).

In the case of a single field, we have seen that successful inflation requires that the parameter α be less than^1_N , the number of e-foldings. In the context of a landscape (or just standard ’t Hooft’ian notions of tuning) this corresponds to a tuning of order^1_N . More fields require more tuning. In particular, suppose we have a set of singlets, S_i, i = 1, . . . N, all with the same R charge as the superpotential. Then, by a field redefinition, we can take, for the linear term in the superpotential,

W = μ^2S_1. (32)

We can take the Kahler potential to be:

K = S^†_i S_i + 1 M^2_p

[α(S^†_1 S_1)^2 + ( α_iS^†_1 S_1S^†_1S_i + c.c. ) + 1 M^2_p ( α_{ij} S^†_1S_1S^†_i S_j + c.c. ) . (33)

Our assumption in considering tuning is that all of the α parameters are naturally of order one. In order that S_1, say, have mass of order 1/N , it is necessary that α be of this order, while the real and imaginary parts of α_i be of order^{1√}_N . This suggests a fine tuning of order^1_{N N} . Indeed, this indicates that fine tuning is minimized if the inflaton does indeed lie in a multiplet with the gravitino.

In a somewhat different context (D-brane inflation), an analysis of the fine tuning required to obtain inflation with multiple fields has appeared in [14]. There, an effective action was written for a set of fields, and coefficients in the lagrangian chosen at random. The models there are different in a number of respects – there is no low energy supersymmetry, terms are included to higher orders in fields – yet the scalings observed in a Monte Carlo analysis are similar. We see that in the framework of supersymmetric effective lagrangians, these estimates are very simple.

7 Constraints from W_R

In the presence of W_R, the system has supersymmetric minima, satisfying

S^N =

2μ^2M^{N−2}_p λ ϕ = 0. (34)

At large S, the potential includes terms

δV_R = 2λμ^2 S^N M^{N−2}_p + c.c. (35)

If these terms dominate, the system will be driven towards the supersymmetric minimum. So if we insist that the system is driven to the R symmetric stationary point, we must require that these terms are small, and this in turn places limits on the scale μ (or, through equation 25, the coupling κ), as well as σ_i.

The analysis of the previous section goes through provided that σ_i > σ_{quant}, and that V^{′′}_R (σ_i) ≪ V^{′′}_{quant}(σ_i). The real constraint on the underlying model comes from the requirement that V^{′′}_R (σ_{quant}) ≪ V^{′′}_{quant}(σ_{quant}). This translates into a restriction on μ, or equivalently κ: ( μ 10^{15}GeV )_{2N−6} ≪ 0.34(69)^{N−2}α^{N/2} λN(N − 1) × 10^{−6} (36)

For N = 4 − 6, this yields for the maximal scale:

N = 4 : μ ≈ 1.2 × 10^{11}(α × 100) GeV (37) N = 5 : μ ≈ 1.6 × 10^{13}(α × 100)^{5/8} GeV (38) N = 6 : μ ≈ 8.0 × 10^{13}(α × 100)^{1/2} GeV (39)

Even for larger N, the scale is not extremely large; e.g. for N = 12, it is only of order 8 × 10^{14}.

For N = 3, there is no choice of μ for which W_R does not dominate. One can try to resolve this by including higher order terms in the Kahler potential and considering supergravity corrections to the potential of the form: δV = βμ^4 |S|^4 M^2_p

. (40)

However, in this case, all of the activity occurs, for β ∼ 1, for S ∼ √ αM_p, which does not seem consistent with the idea of small field inflation, unless α is tuned to be extremely small. Alternatively, the coefficient of the operator appearing in W_R might be very small. Calling

W_R = λ 2(N + 1) S^{N+1} M^{N−1}_p , (41)

in the case N = 3, we require

λ ≪ 10^{−5}α^{3/2}. (42)

Indeed, we could consider, for any N, the possibility that μ is larger than implied by eqn. 36, and λ is small. The general condition is: λ ≪ ( μ M_p )_{6−2N} α^{N/2} 2(6.65 × 10^{−5})^{N−2} N(N − 1) . (43)

Thus λ has to be extremely small for reasonable values of N. Small μ is arguably more plausible.

In the two-field model, one has similar constraints on the inflationary scale. A coupling like that of W_R, with S^{N+1} replaced by SI^N , for example, has essentially identical effects.

Note that we now have now enumerated three types of constraints/tunings:

1. α must be small, comparable, up to a logarithmic factor, to 1/N , one over the number of e-foldings.

2. μ and κ must be small, in order that the superpotential corrections not drive S to a large field regime.

3. The initial conditions for S are constrained. S must lie in a range small enough that, at least for a time, the quantum potential is dominant, and large enough that inflation can take place.

8 Reheating

So far, we have not discussed the quantum numbers and couplings of ϕ. These are important since it is the lifetime of ϕ which determines the reheating temperature. For the scales of interest here,

ϕ = κ^{−1/2}μ (44)

and this can readily be of order grand unified scales. So many hybrid inflation models take ϕ to be, say, in the adjoint representation of some grand unified group. If S is a singlet, this is potentially problematic, since there may be additional light states (in the final vacuum); these can spoil unification and lead to other difficulties. A very simple possibility is to take ϕ to be a gauge singlet, and couple ϕ to some charged fields; schematically

δW = λϕ¯55. (45)

In the vacuum, the masses of ¯5, 5, are of order m_Q = λϕ. So the ϕ lifetime is of order Γ = (α_s π )_2 λ2 4π m^3_ϕ m^2_Q

. (46)

This can be rewritten, using ϕ = κ^{−1/2}μ, and the relation between κ and μ: Γ = 1 4π (α_s π )_2

κ^{5/2}μ (47)

≈ 3 × 10^9 ( μ 10^{15}

)_6

GeV.

For μ = 10^{12} GeV, this corresponds to Γ = 3 × 10^{−9} GeV, or a reheat temperature of order 10^{4.5} GeV. Larger μ leads to higher reheat temperatures. Such temperatures are clearly interesting from the point of view of the gravitino problem and other cosmological issues.

9 Non-Hybrid Scenarios

So far, we have insisted on an unbroken, discrete R symmetry at the end of inflation. But we might relax this. For example, consider a model with superpotential

W = μ^2S − λ 2(N + 1) S^{N+1} M^{N−2}p . (48)

Here we might try to arrange that the field, during inflation, rolls towards the supersymmetric minimum at S^N_0 =

2M^{N−2}_p μ^2 λ . (49)

As we will see, the conditions for slow roll inflation can be satisfied for a range of initial field values, and adequate e-foldings and fluctuation spectrum obtained. Inflation ends as the field moves towards the minimum. It is important, however, that the energy not be negative at the end of inflation, and this requires a small constant in the superpotential. This constant breaks the discrete R symmetry. While small, this term is not a small perturbation. In particular, it gives a large contribution to V^{′′} at the point where V^{′′} ∼ H^2. This issue has been discussed in [15], where possible additional tunings and/or additional degrees of freedom which might permit suitable inflation have been considered.

Even if one builds a successful model, when inflation ends, S oscillates about S_0. It is important that there be a mechanism to dissipate the energy of oscillation. This does require coupling to additional fields. For example, adding again a 5 and ¯5 of SU(5):

δW = κS¯55, (50)

S can decay to gauge boson pairs. Note, however, that for sufficiently small S, the quantum contributions to the potential will dominate over those we have considered up to now. For initial configurations in this regime, the field will flow towards the origin. This places a lower limit on σ_i, which depends on κ. Overall, then, the inflationary scenario we have outlined in the earlier sections seems less tuned and simpler than the non-hybrid scenarios.

10 Supersymmetry Breaking

The basic structure of the hybrid inflation superpotential is reminiscent of O’Raifeartaigh models. It is interesting to include additional degrees of freedom so that S is part of a sector responsible for (observed) supersymmetry breaking. For small S, in addition to the field ϕ, we can include another field, X, with R charge two and superpotential:

W = S(κϕ^2 − μ^2) + mXϕ. (51)

Assuming that the scale of inflation is large compared to the scale of supersymmetry breaking leads to consideration of the limit |m|^2 ≪ |κμ^2|. In this limit, the vacuum state has ϕ ≈ κ^{−1/2}μ, X = S = 0, and F_X ≈ κ^{−1/2}mμ. (52) By choosing m, we can arrange F_X as we please. We might worry that X is light, and relatively long-lived. Classically, the X mass vanishes. Quantum mechanically, it is of order

m^2_X = κ^4 16π^2 m^4 m^6_S

F^†_X F_X . (53)

Calling m^2 = ϵκμ^2 (we require ϵ < 1 in order that ϕ have a vev), and noting m^2_s = κμ^2, F_X = ϵ^{1/2}μ^2, we have

m^2_X = ϵ^3 16π^2 μ^2. (54)

So ϵ can be quite small, with X still in the TeV range.

In the model as it stands, the R symmetry is unbroken by loop effects. This can be avoided through additional, “retrofitted” couplings[16], or through models like that of [17].

11 Hybrid Inflation and Dynamical Supersymmetry Breaking

It would be appealing if the scales appearing in our models of inflation (and supersymmetry breaking) could be understood dynamically. The simplest implementation of (metastable) dynamical supersymmetry breaking is through “retrofitting”[18, 16, 19]. In particular, we want to generate the scales μ^2 and m, of eqn. 51 dynamically. In these references, the scale μ^2 was of order^{Λ3}_{Mp} , where Λ is the scale of some underlying, supersymmetry preserving but R symmetry breaking dynamics. In the present case, however, this would lead to too large a value of W_0, the value of the superpotential at the end of inflation. Instead, we follow [16, 19], and consider theories with order parameters of dimension one as well as dimension three. These are singlet fields, which we will denote by Φ, ⟨Φ⟩ ∼ Λ. The Φ fields have mass of order Λ. We replace the superpotential of eqn. 51 by

W = S(κϕ^2 − λΦ^2) + λ^′Φ^2 M_p ϕY. (55) λ need not be particularly small in order not to appreciably perturb the Φ dynamics, i.e. to satisfy the requirement that Φ is massive compared to S, Φ. Then at scales well below Λ, the theory is that of eqn. 51. < W >∼ Λ^3 ∼ μ^3 at the minimum of the potential, so the supergravity corrections to the potential are negligible at low energies. In fact, we have

F_Y ≈ mϕ = Λ^3κ^{−1/2}/M_p (56)

12 Conclusions

So we have seen that small field inflation is likely to require supersymmetry, and that conventional notions of naturalness also lead to the inevitable requirement of an R symmetry. This leaves two classes of models: hybrid and RBI. In the former, we have seen that the requirement that the R symmetry be discrete places an upper bound on the scale of inflation, which makes observations of tensor modes in the CMB extremely unlikely. Also inevitably, n_s < 1, typically about 0.98. In the RBI case, there are also constraints on scales, and one requires some sort of soft breaking of the R symmetry, describable, perhaps, by spurion fields.

We have seen that there is a simple effective field theory description of these types of inflation, and that one can use the language of global supersymmetry, perturbed slightly (but in critically important ways) by coupling to supergravity. In this framework, the simplest models have an inflaton which lies in a supermultiplet with the gravitino, but this is not necessary. Indeed, we have seen that once one considers higher dimension operators, there is an upper bound on the energy scale of inflation, and that models with at least one additional field more readily lead to successful inflation. One could go further than we have here in applying the language of [20] to this problem.

We have made much of the naturalness of supersymmetry for the problem of small field inflation, and one might wonder whether, in, say, an anthropic landscape framework, these considerations would be relevant. Needless to say, it is hard to make a definitive statement; it could be that supersymmetric states are very rare in the landscape, and that this overwhelms any tuning considerations (just as for the Higgs[21]). But we can ask the question a different way. Given the assumption of a supersymmetric landscape, could it be that the requirement of inflation accounts for a little (or not so little) hierarchy? E.g. small κ and correspondingly small μ might be disfavored by landscape distributions; depending on correlations between m (in eqn. 51) and μ, one might be driven to larger scales of supersymmetry than might be expected from naive naturalness considerations. This issue will be discussed elsewhere[?].

We have not discussed the problem of initial conditions at any length. Certainly there are constraints on the initial values of the fields, their velocities, and the degree of homogeneity required. These issues look different in different contexts, and we will leave them for further study. One striking feature of this framework is the nature of the cosmological moduli problem. In the models discussed here, the minimum of the potential is a point with an approximate R symmetry. Moduli which are charged under the symmetry naturally sit near the origin, and are not particularly light. Neutral fields (such as the field X in the retrofitted models) naturally sit near the origin as a result of the accidental, continuous R symmetry. There seems to be no moduli problem in this context. This issues will be explored further elsewhere.

Finally, as we noted at the beginning, almost by definition it is hard to make general statements about large field inflation. One could attempt this as a limit of the analysis we described above, but then the effective lagrangian has many more “relevant” parameters, and one can probably, at best, simply state constraints consistent with observations on combinations of these. It is hard to see how predictions can emerge without a detailed microscopic understanding of the underlying gravity (supergravity) theory.

Acknowledgements: Conversations with Willy Fischler, Dan Green, and Liam McAllister helped clarify our thinking about many issues here. Correspondence with David Lyth provided valuable perspective. M. Dine thanks Stanford University and the Stanford Institute for Theoretical Physics for hospitality during the course of this project. He thanks the Theory Group at the University of California, Berkeley and the Theory Group at Lawrence Berkeley National Laboratory for their hospitality as well. We thank the authors of ref. [15], and especially S. Mooij and M. Postma, for conversations and pointing out an error in our original discussion of the non-hybrid models of section 9. This work was supported in part by the U.S. Department of Energy.

References

[1] David H. Lyth. Particle physics models of inflation. Lect. Notes Phys., 738:81–118, 2008.

[2] David H. Lyth and Antonio Riotto. Particle physics models of inflation and the cosmological density perturbation. Phys.Rept., 314:1–146, 1999.

[3] Andrei D. Linde. Hybrid inflation. Phys.Rev., D49:748–754, 1994.

[4] Edmund J. Copeland, Andrew R. Liddle, David H. Lyth, Ewan D. Stewart, and David Wands.

False vacuum inflation with Einstein gravity. Phys.Rev., D49:6410–6433, 1994.

[5] G.R. Dvali, Q. Shafi, and Robert K. Schaefer. Large scale structure and supersymmetric inflation without fine tuning. Phys.Rev.Lett., 73:1886–1889, 1994.

[6] Andrei D. Linde and Antonio Riotto. Hybrid inflation in supergravity. Phys.Rev., D56:1841–1844, 1997.

[7] M. Bastero-Gil, S. F. King, and Q. Shafi. Supersymmetric hybrid inflation with non-minimal Kaehler potential. Phys. Lett., B651:345–351, 2007.

[8] Vedat Nefer Senoguz and Q. Shafi. Reheat temperature in supersymmetric hybrid inflation models.

Phys. Rev., D71:043514, 2005.

[9] Mansoor Ur Rehman, Qaisar Shafi, and Joshua R. Wickman. Supersymmetric Hybrid Inflation Redux. Phys. Lett., B683:191–195, 2010.

[10] W. Fischler and W. Tangarife Garcia. Hierarchies of Susy Splittings and Invisible Photinos as Dark Matter. JHEP, 1101:025, 2011.

[11] Ann E. Nelson and Nathan Seiberg. R symmetry breaking versus supersymmetry breaking. Nucl.

Phys., B416:46–62, 1994.

[12] Kazuya Kumekawa, Takeo Moroi, and Tsutomu Yanagida. Flat potential for inflaton with a discrete R invariance in supergravity. Prog.Theor.Phys., 92:437–448, 1994.

[13] Kari Enqvist, Anupam Mazumdar, and Philip Stephens. Inflection point inflation within supersymmetry. JCAP, 1006:020, 2010.

[14] Nishant Agarwal, Rachel Bean, Liam McAllister, and Gang Xu. Universality in D-brane Inflation.

2011. * Temporary entry *.

[15] Ana Achucarro, Sander Mooij, Pablo Ortiz, and Marieke Postma. Sgoldstino inflation. 2012. [16] Michael Dine and John Kehayias. Discrete R Symmetries and Low Energy Supersymmetry.

Phys.Rev., D82:055014, 2010.

[17] David Shih. Spontaneous R-symmetry breaking in O’Raifeartaigh models. JHEP, 02:091, 2008. [18] Michael Dine, Jonathan L. Feng, and Eva Silverstein. Retrofitting O’Raifeartaigh models with dynamical scales. Phys. Rev., D74:095012, 2006.

[19] John Kehayias. Generalized Gaugino Condensation in Super Yang-Mills Theories: Discrete R- Symmetries and Vacua. Phys.Rev., D82:125041, 2010.

[20] Zohar Komargodski and Nathan Seiberg. From Linear SUSY to Constrained Superfields. JHEP, 09:066, 2009.

[21] Michael Dine, Elie Gorbatov, and Scott D. Thomas. Low energy supersymmetry from the landscape.

JHEP, 08:098, 2008.