arXiv:0910.1853v1 [hep-th] 12 Oct 2009

The Gelaton Scenario:

Equilateral non-Gaussianity from multi-field dynamics

Andrew J. Tolley^∗ and Mark Wyman^† Perimeter Institute for Theoretical Physics 31 Caroline St. N Waterloo, ON N2L 2Y5, Canada

The distinctive features of single field inflationary models with non-minimal kinetic terms, like Dirac-Born-Infeld and k-inflation, can be captured by more familiar multiple field inflationary systems of the type that typically arise in low energy supergravity models. At least one heavy field, which we call the gelaton, has an effective potential which depends on the kinetic energy of the inflaton. Integrating out the gelaton gives rise to an effectively single field system for which the speed of sound for the adiabatic fluctuations is reduced, generating potentially observable equilateral non-Gaussianity, while causing negligible isocurvature fluctuations. This mechanism is only active if there is a relatively tight coupling between the gelaton and the inflaton, and this puts an upper limit on the mass of the gelaton for which the inflaton-gelaton system remains weakly coupled. This approach gives a potentially UV-completable framework for describing large classes of k-inflationary behavior.

Were the primordial perturbations that seeded structure formation purely Gaussian, or did they include a significant non-Gaussian component? Cosmological observations will soon answer this question [1]. Measuring a departure from Gaussianity would revolutionize our understanding of the inflationary epoch. There are several ways in which non-Gaussianity is thought likely to arise. These are named after the shapes of the triangles in momentum-space at which their amplitudes peak: equilateral, local/squeezed, and folded/flattened. The discovery of non-Gaussianity of a particular class would gives a strong indication of the origin of non-Gaussianity and in turn inform us about the nature of inflationary physics. An equilateral signal would arise from a self-interacting scalar field with a non-minimal kinetic term/higher dimension operators, like k-inflation [2] or Dirac-Born-Infeld (DBI) inflation [3]. A local/squeezed configuration would indicate the presence of multiple inflationary [4] (or ekyprotic [5]) fields. A folded/flattened shape would only come from an excited initial vacuum state [6, 7]. An orthogonal shape was identified in [8], arising in single field models. More generally we may expect any admixture of these different contributions.

In the following, we unveil a novel situation that does not at first glance appear to fit into the standard lore: a multiple-field inflationary scenario that will exhibit equilateral-type non-Gaussianity by mimicking the dynamics of k-inflation or DBI while possessing minimal local-type non-Gaussianity.

Equilateral non-Gaussianity, is necessarily tied to the departure of the speed of sound for adiabatic perturbations from unity [9]. This, in turn, will only arise in models for which the kinetic term is modified. Since a canonical single field kinetic term is dimension 4, any modification requires the addition of higher dimension, irrelevant operators. This is made explicit in the now familiar k-inflation models, for which DBI inflation is the most well-motivated realization. The DBI case is special since the square root form of the action is protected by a non-linearly realized form of higher-dimensional Lorentz or Anti-de Sitter symmetry, consistent with its origin as the position modulus of a brane in higher dimensions.

There is another more familiar case in which large irrelevant operators that modify the kinetic term may potentially be under control from quantum corrections. Consider for example the typical bosonic truncation of low energy string/supergravity models, setting to zero any gauge and form fields S = ∫ d^4x √ −g [ M^2_P 2 R − 1 2 G_{IJ} ∂ϕ^I ∂ϕ^J − V (ϕ^I ) ] . The key novel feature of multi-field models is that it is possible to have a non-trivial metric on field space. In supergravity models, this metric is Kähler, and the theory can be specified by its Kähler form and superpotential. However, since only a canonically coupled kinetic term is dimension 4, any departure of G_{IJ} from δ_{IJ} (modulo field redefinitions) corresponds to a regime in which irrelevant operators are important. If the field space metric is non-Cartesian and under control over a field range of order the radius of curvature, then we can expect that the non-minimal form of the metric will create an order unity modification of the dynamics of the light fields.

We shall utilize the above observation, and demonstrate that it is possible to construct a viable inflationary mechanism in multi-field models of the above form, which give rise to large equilateral non-Gaussianity, whose origin is the field space metric G_{IJ} .

Turning down the speed of sound: The characteristic energy scale of inflation is set by the Hubble scale H. Light fields that have a mass which are comparable or lighter than this scale will generate long wavelength fluctuations, whereas heavy fields for which m ≫ H will oscillate and redshift. If we are only interested in looking at the evolution of the system as modes cross the horizon and for longer wavelengths, it is permissible to integrate out the heavy fields, giving rise to an effective theory of the light fields. Typically, the effect of the heavy fields is felt through small irrelevant operators which modify the light field Lagrangian, and are suppressed by the mass of the heavy field. An exception can occur if the heavy field is not in its vacuum state. The fluctuations of a massive field redshift like matter with the expansion, and the vacuum expectation value will center in on the minimum of its effective potential. However, if the kinetic term depends on the heavy field through G_{IJ} , its effective potential includes a contribution from the kinetic energy of the light fields. This means the heavy field gets forced into a coherent state whose expectation value is related to the kinetic energy of the light field. The more massive the heavy field, the stronger we must make the coupling with the light field to keep the heavy field away from its naive minimum. However, this coupling must not be come too strong, otherwise the entire effective field theory will breakdown.

This prompts the following definition: A gelaton, is a heavy field m > H which is sufficiently strongly coupled to the light fields that it creates an order unity modification of the light field dynamics, but is sufficiently weakly coupled that quantum corrections are under control. The sense of the definition is that the gelaton gels, or sticks to the light field, getting dragged along by it and in turn dressing the dynamics of the light field.

To realize this idea, it is helpful to consider a by now well studied two field system: S = ∫ d^4x √ −g [ M^2_P 2 R − 1 2 (∂_μϕ)(∂^μϕ)− e^{2b(ϕ)} 2 (∂_μχ)(∂^μχ) − V (ϕ, χ) ] . (1)

In the following we make use of the notation and many of the general results calculated in refs. [13, 14]. Here we have in mind that χ is the inflaton and ϕ is the gelaton. If the effective mass of the gelaton is much larger than H, it will get frozen at its minimum ϕ_o which is determined by the equation

V_{,ϕ}(ϕ_o, χ) − 2b_{,ϕ}(ϕ_o)e^{2b(ϕo )}X = 0. (2)

with solution ϕ_o(χ, X) where X = −^1_2 (∂χ)^2 (where e.g. V_{,ϕ} = ∂V/∂ϕ). Substituting back into the action, and neglecting the kinetic term for χ we obtain S = ∫ d^4x √ −g [ M^2_P 2 R + p(X, χ) + . . . ] . (3)

with p(X, χ) = e^{2b(ϕo (χ,X))}X − V (ϕ_o(χ, X), χ) (4)

Thus at least classically, we see that the low energy theory is at leading order equivalent to a p(X, χ) model, precisely of the form used in k-inflation and DBIinflation [17]. Quantum mechanically things are more subtle since we cannot switch off the fluctuations in the ϕ field, and these fluctuations, which increase with the mass of the gelaton, will tend to push the system away from its minimum. Thus there is no decoupling limit here obtained in the limit m_{gelaton} → ∞, as we shall see below.

It is straightforward to demonstrate the existence of inflationary solutions in this two field system for a suitable choice of potential. For instance, following the reasoning of Ref. [10], power law inflationary solutions will arise when the action admits a scaling symmetry, which will be the case whenever V (ϕ, χ) = e^{−cχ}V (ϕ). On integrating out the gelaton field we obtain a model of the form considered in Ref. [11] p(X, χ) = e^{−cχ}F [e^{cχ}X], which clearly preserves the scaling symmetry. If the gelaton mass is lighter than H then we recover a more familiar two field inflationary system with isocurvature modes as considered in [10].

To better understand the dynamics of the system, it is helpful to separate into the dressed light degrees of freedom and the heavy oscillating degrees of freedom. It is usual in multi-field inflationary systems to perform a field redefinition of the perturbations into adiabatic and isocurvature/entropy modes. In the present case this decomposition is less useful; since the position of the gelaton is tied to the field value and kinetic energy of the inflaton, the relevant transformation is a canonical transformation. The full details of this canonical transformation are somewhat involved [12], consequently in the following we will follow a simplified argument.

Following the standard procedure (e.g. [13, 14]) we can define gauge invariant scalar perturbations Q_ϕ = δϕ + H^{−1}ϕ̇ψ and Q_χ = δχ + H^{−1}χ̇ψ, where ψ is the spatial metric perturbation, then on perturbing the action to second order, solving the constraints and substituting back in, we obtain the following two field system

S_{(2)} = ∫ d^4x a^3 2 ( Q̇_ϕ^2 + e^{2b}Q̇_χ^2 − ( k^2 a^2 + C_{ϕϕ} ) Q^2_ϕ (5) − ( k^2 a^2 + C_{χχ} ) e^{2b}Q^2_χ + 4b_{,ϕ}e^{2b}χ̇Q̇_χQ_ϕ − 2C_{ϕχ}Q_χQ_ϕ ) , where C_{ϕϕ}, C_{ϕχ}, and C_{χχ} are background-dependent coefficients – essentially, the mass matrix for the two perturbations – defined in [14]. The effective mass of the gelaton perturbations is m^2_{gelaton} = C_{ϕϕ} ≫ H^2. At first glance this action seems to describe a system of two fields each propagating with speed of sound c_s = 1. The reason this is not the case is the presence of the coupling term Q_ϕQ̇_χ, which we see only arises when the field space metric is not Cartesian. The significance of this type of interaction was also considered in [10].

The minimum of the effective potential for Q_ϕ is at ( m^2_{gelaton} + k^2 a^2 ) Q_ϕ ∼ 2e^{2b}b_{,ϕ}χ̇Q̇_χ − C_{ϕχ}Q_χ (6)

This equation describes the trajectory in two field space corresponding to the dressed light degrees of freedom, in other words it determines the light component of Q_ϕ. In general we can decompose Q_ϕ into its heavy and light parts as Q_ϕ = Q̂_ϕ − AQ_χ + BQ̇_χ where ( m^2_{gelaton} + k^2 a^2 ) A = C_{ϕχ} (7) ( m^2_{gelaton} + k^2 a^2 ) B = 2e^{2b}b_{,ϕ}χ̇. (8)

Substituting in the redefinition we obtain

S_{(2)} = ∫ d^4x a^3 2 [ ^̇Q_ϕ^2 − ( k^2 a^2

+ m^2_{gelaton} ) Q̂^2_ϕ

+e^{2b}Q̇_χ^2 − ( k^2 a^2 + C_{χχ} ) e^{2b}Q^2_χ (9) + ( k^2 a^2

+ m^2_{gelaton} ) ( AQ_χ − BQ̇_χ )_2] + S^{int}_{(2)}, and S^{int}_{(2)} = ∫ d^4x a^3 2 [( ^̇Q_ϕ − ˙(AQ_χ) + ˙(BQ̇_χ))^2 − ^̇Q_ϕ^2 ] . (10) The key point is that in the gelaton regime, the interaction term S^{int}_{(2)} is suppressed by powers of H^2/m^2_{gelaton} and may be treated as small. On neglecting this piece, we see that this system clearly separates into two modes, a heavy mode Q̂_ϕ of mass m_{gelaton} and a dressed light degree of freedom Q_χ. If HB ≫ A then at leading order

S_{(2)} ∼ ∫ d^4x a^3 2 [ ^̇Q_ϕ^2 − ( k^2 a^2

+ m^2_{gelaton} ) Q̂^2_ϕ+ (11)

e^{2b}Q̇_χ^2 − ( k^2 a^2 + C_{χχ} ) e^{2b}Q^2_χ + ( k^2 a^2

+ m^2_{gelaton} ) B^2Q̇^2_χ ] . The additional kinetic term from the inflaton fluctuations changes the effective speed of sound. In general this effective speed of sound is k dependent, but in the low energy regime k/a ≪ m_{gelaton} it reduces to

c^2_s = ( 1 + 4e^{2b}b^2_{,ϕ}χ̇^2 C_{ϕϕ} )_{−1} = 1 2 V_{ϕϕ} b_ϕ V_ϕ − 1 2 b_{ϕϕ} b^2_ϕ − 1 1 2 V_{ϕϕ} b_ϕ V_ϕ − 1 2 b_{ϕϕ} b^2_ϕ + 1

. (12)

where since ϕ̇ ∼ 0, we have (from eq. (19) in [14]) C_{ϕϕ} ≃ −2V_ϕb_ϕ−(V_ϕb_{ϕϕ}/b_ϕ)+V_{ϕϕ}. As expected, the sound speed departs from unity whenever b(ϕ) is not a constant.

Hyperbolic manifolds: A familiar example of a field space metric that frequently arises in the context of supergravity theories are manifolds which are locally equivalent to hyperbolic spaces for which b(ϕ) = gϕ/M_P . In this case the above formula simplifies to

c^2_s = ( 1 −^{2gV,ϕ} M_P V_{,ϕϕ} ) ( 1 +^{2gV,ϕ} M_P V_{,ϕϕ} )_{−1} . Using the identifications Eqs. (2) and (4) it is straightforward to show that this expression is equivalent to the usual expression c^2_s = p_{,X} /ρ_{,X} as expected. For example we can reproduce the dynamics of DBI inflation, for which the Lagrangian is p(X) = T (χ) √ 1 − 2X/T (χ) − T (χ) + W (χ) with the following choice of potential

V_{DBI}(ϕ, χ) = T (χ) cosh(2gϕ/M_P ) − T (χ) + W (χ). (13)

The effective gelaton mass is determined by the one free parameter g, m^2_{gelaton} = 4g^2M^{−2}_P T (χ) exp(−2gϕ/M_P ).

The previous procedure is easily generalizable to the nonlinear level. Starting from the full action (1), we may separate the field ϕ into its light and heavy parts as ϕ = ϕ_o(X, χ) + ϕ̂. Expanding to cubic order in ϕ̂ we find S = ∫ d^4x √ −g [ M^2_P 2 R + p(X, χ) (14) − 1 2 (∂ϕ̂)^2 − 1 2 (V_{,ϕϕ}(ϕ_0, χ) − C_2(ϕ_o)X) ϕ̂^2 − 1 6 (V_{,ϕϕϕ}(ϕ_0, χ) − C_3(ϕ_0)X) ϕ̂^3 + . . . ] + S^{int}

where C_n = ∂^n_ϕ ( e^{2b(ϕ)} ) . As before S^{int} is a gelaton mass suppressed interaction that we can neglect at low energies [18]

S^{int} = ∫ d^4x √ −g 1 2 ( (∂ϕ_o)^2 + 2∂ϕ_0∂ϕ̂ ) . (15)

Regime of validity: The expression for the sound speed Eq. (12) makes transparent the conditions necessary for a gelaton phase. As the mass squared, measured by C_{ϕϕ}, increases, the coupling between the gelaton and the inflaton measured by b_{,ϕ} (i.e. g in the hyperbolic case) must increase accordingly in order that c_s departs significantly from unity. By making this coupling large we have effectively resummed an infinite set of irrelevant (gelaton mass suppressed) operators

c^2_s ∼ 1 − ( 4e^{2b}b^2_{,ϕ}χ̇^2 m^2_{gelaton} ) + ( 4e^{2b}b^2_{,ϕ}χ̇^2 m^2_{gelaton}

)_2

+ . . . (16)

The crucial question is whether this resummation is stable under quantum corrections. This splits into two parts: (a) whether it is technically natural; and (b) whether perturbation theory is weakly coupled, i.e. are we below the cutoff of the effective theory.

The first question is obviously more model dependent, and depends on the specific realization of the multi-field model. For instance, in the case of models which are embedded in the context of supergravity theories, we may naturally expect better control over the field space metric. At least one contribution that is relevant is the loop correction from the gelaton field. From a simple generalization of the usual Coleman-Weinberg argument, on integrating out the gelaton including the one-loop contribution we obtain an effective single field p(X, χ) model with

p_{eff} (X, χ) = e^{2b(ϕ0 (χ,X))}X − V (ϕ_0(χ, X), χ) (17) − 1 64π^2

(V_{,ϕϕ}(ϕ_0, χ) − C_2(ϕ_o)X)^2 ln ( V_{,ϕϕ} − C_2X μ^2 )

for some fiducial RG scale μ. In a supergravity model we may expect similar order contributions from fermion loops. Here both the kinetic and potential terms get renormalized. As long as the gelaton mass is not too large, there is no naturalness problem with regard to it. Had we chosen to use an explicit cutoff Λ we would also expect contributions of the form Λ^4 which would just renormalize the cosmological constant, and at next order of the form m^2_{gelaton}Λ^2. These terms give potentially large renormalizations of the kinetic term, unless the cutoff is very low. However, since these contributions are clearly prescription dependent, we content ourself with stability with respect to the running contribution.

More crucial to address is the regime of validity of the effective theory. Indeed from the arguments of Refs. [9] and [15], we anticipate that the single field effective theory must break down at energy scales Λ ≫ H for which

Λ^4 ∼ ( 16π^2M^2_P |Ḣ|c^5_s ) ( 1 − c^2_s )_{−1} . (18)

Since the cutoff for the single field effective theory is m_{gelaton}, there must be an upper bound on the gelaton mass, m_{gelaton} ≤ Λ.

The above bound was derived for the inflaton perturbations, but a similar bound can be derived more directly by looking at the scale of the gelaton interactions. For example, in the DBI case, the gelaton mass m^2_{gelaton} ∼ g^2M^{−2}_P c_sT (χ). Quantum effects cause ϕ to fluctuate away from the constraint surface by an amount Δϕ̂ ∼ m_{gelaton} . The coupling between the two fields is set by the exponential e^{gϕ̂/MP} . In light of this, we require g m_{gelaton} ≤ M_P for the approximation to be self-consistent. Rewriting this bound in terms of more physical quantities, we find that the gelaton mass must satisfy H^4 ≪ m^4_{gelaton} ≤ c_sT . The condition Eq. (18) gives a similar bound m^4_{gelaton} ≤ T c^4_s. These two are not identical since they correspond to different calculations, nevertheless we see that consistency of the two field effective theory inevitably places an upper bound on the gelaton mass.

Conclusions: We have demonstrated that coupled multi-field inflationary models can have sound speeds less than unity without the explicit introduction of higher powers of the kinetic term in the action. This occurs when one of the fields is a gelaton, a heavy field that is tightly coupled to the inflaton, dressing its perturbations and reducing its sound speed. The resulting theory will exhibit equilateral type non-Gaussianity. This provides a possible mechanism for UV-completion of k-inflation in the context of low energy supergravity models. Before horizon crossing, there will be a regime in which physical momenta k/a are larger than m_{gelaton} and it is necessary to use the two field effective theory to describe the initial state of the system. This model provides an example of how non-standard initial conditions for the single field effective theory can arise from high energy physics. In particular the transition from the regime in which the two field theory is valid, to the gelaton regime where the single field theory is valid, could be sufficiently nonadiabatic to excited the state away from vacuum [12].

Acknowledgements: The authors thank C. de Rham and N. Barnaby for discussions. Research at the Perimeter Institute is supported by the Government of Canada through Industry Canada and by the Province of Ontario through the Ministry of Research & Innovation.

∗ Electronic address: atolley@perimeterinstitute.ca † Electronic address: mwyman@perimeterinstitute.ca [1] E. Komatsu et al., arXiv:0902.4759 [astro-ph.CO]. [2] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, Phys. Lett. B 458, 209 (1999) [arXiv:hep-th/9904075].

[3] M. Alishahiha, E. Silverstein and D. Tong, Phys. Rev. D 70, 123505 (2004) [arXiv:hep-th/0404084].

[4] D. H. Lyth, C. Ungarelli, and D. Wands, PRD, 67, 023503 (2003) [5] E. I. Buchbinder, J. Khoury and B. A. Ovrut, Phys. Rev.

Lett. 100, 171302 (2008) [arXiv:0710.5172 [hep-th]]. [6] X. Chen, M. x. Huang, S. Kachru and G. Shiu, JCAP 0701, 002 (2007) [arXiv:hep-th/0605045].

[7] R. Holman and A. J. Tolley, JCAP 0805, 001 (2008) [arXiv:0710.1302 [hep-th]].

[8] L. Senatore, K. M. Smith and M. Zaldarriaga, arXiv:0905.3746 [astro-ph.CO].

[9] C. Cheung, P. Creminelli, A. L. Fitzpatrick, J. Kaplan and L. Senatore, JHEP 0803, 014 (2008) [arXiv:0709.0293 [hep-th]].

[10] A. J. Tolley and D. H. Wesley, JCAP 0705, 006 (2007) [arXiv:hep-th/0703101].

[11] F. Piazza and S. Tsujikawa, JCAP 0407, 004 (2004) [arXiv:hep-th/0405054].

[12] A. J. Tolley and M. Wyman, in preparation [13] F. Di Marco, F. Finelli and R. Brandenberger, Phys. Rev.

D 67, 063512 (2003) [arXiv:astro-ph/0211276]. [14] Z. Lalak, D. Langlois, S. Pokorski and K. Turzynski JCAP 0707, 014 (2007) [arXiv:0704.0212 [hep-th]].

[15] L. Leblond and S. Shandera, arXiv:0802.2290 [hep-th] [16] N. Bilic, G. B. Tupper and R. D. Viollier, JCAP 0809, 002 (2008) [arXiv:0801.3942 [gr-qc]].

[17] A specific example of this is the Thomas-Fermi approximation considered in [16].

[18] The appearance of higher derivative terms in S^{int} can be avoided by performing the above field redefinitions as a canonical transformation [12]. However as long as S^{int} is small the above argument is sufficient.