arXiv:1107.4911v1 [astro-ph.CO] 25 Jul 2011

WMAP Constraints On K-Inflation

N. Chandrachani Devi^{1∗}, Akhilesh Nautiyal^{2†}, Anjan A Sen^{1‡}

1 Centre of Theoretical Physics, Jamia Millia Islamia, New Delhi-110025, India and

2 Harish-Chandra Research Institute, Chhatnag Road, Jhunsi, Allahabad-211019, India (Dated: July 26, 2011)

We study the K-Inflation models where the inflaton field has non-canonical kinetic term. In particular, we consider the Dirac-Born-Infeld (DBI) form for the kinetic energy of the inflaton field. We consider quadratic and quartic potentials as well as the potential for the natural inflation. We use a modified version of the MODECODE [21] to calculate the power spectrum of the primordial perturbations generated by the inflaton field and subsequently use the WMAP7 results to constrain the models. Interestingly with DBI type kinetic term, lesser gravity waves are produced as one approaches more towards scale invariance. This is true for all the potentials considered. Unlike the canonical case, this feature, in particular, helps the quartic (λϕ^4) potential with DBI type kinetic term to be consistent with WMAP data.

PACS numbers: 98.80.Es,98.65.Dx,98.62.Sb

1. INTRODUCTION

In the last two decades, there have been number of breakthroughs in our understanding of the Universe due to some remarkable observational results. COBE first detected the anisotropy in the cosmic microwave background radiation (CMBR) in 1992 [1]; subsequently WMAP [2–6] measured these anistropies with extraordinary accuracy that revolutionized our understanding of the physical Universe (also see the recent results by Atacama Cosmology Telescope (ACT)[7, 8]). This has been equally supplemented by the discovery of dark energy by different groups while studying the light curves of different Type-Ia supernovae at different redshifts [9] as well as the measurement of large scale structure by various galaxy-redshift surveys [10]. All these observational results strongly support the idea that the early universe had a short period of accelerated expansion. This epoch of accelerated expansion in the early universe, which is also termed as ”inflation”, [11–13] not only solves the horizon, flatness and monopole problems in the standard cosmology, it is also the simplest and most favored paradigm for the generation of the nearly scalar invariant super-horizon fluctations in the early universe [14–17], which is believed to be the origin of CMBR anisotropy and the large scale structures in our present day Universe.

Simplest model of inflation is usually described by a scalar field (termed as inflaton) rolling over its potential ( also see [18] for a different approach for obtaining inflation without scalar fields). The field is minimally coupled to the gravity sector. For a sufficiently flat potential, the potential energy of the field dominates over its kinetic energy which essentially gives rise to negative pressure. This drives the accelerated expansion. This scenario is usually described as “Slow-Roll Approximation” for inflation [19]. The primordial perturbations which are responsible for the structures in our universe can be traced back to the quantum fluctuations of this inflaton field in the very early universe. Any given scalar field inflationary scenario can give rise to both the scalar and tensor fluctuations which can be tested against observational data from the CMBR anisotropy measured by WMAP or other experiments.

With the quality of present data, the primordial fluctation of the inflation field is essentially described by a set of two parameters: the amplitude A_s and the spectral index n_s of the power specturm of the scalar mode of the density perturbation. As the data from future experiments, such as Planck [20], improve, one can add parameters related with primordial gravitational waves or nongaussianity to this set.

Recently Mortonson et al. [21] have solved the inflationary mode equations numerically without the usual slow-roll approximation. For this, they proposed a new code called ”MODECODE” that has been interfaced with the CAMB [22] and COSMOMC [23] to compute the CMBR anisotropy power spectra and to perform the MCMC analysis for the parameter estimation. They subsequently used this code to constrain the single scalar field models having canonical kinetic energy term. They have used the power law potentials (V (ϕ) = ϕ^n, with n = 2.3, 1, 2 and 4) as well as the natural [24, 25] and hilltop potentials [26] for their study. The study shows that the current CMB data put stringent

∗ chandrachani@gmail.com † akhilesh@hri.res.in ‡ anjan.ctp@jmi.ac.in

constraints on the parameters of a number of well motivated and interesting single field inflationary models. As an example, they showed that the WMAP7 data excludes the quartic potential (V (ϕ) = λϕ^4) model.

There are large number of attempts to embade inflation in some high energy physics model. One of them is kinflation [27], where the inflation is achieved by the non-standard kinetic terms of the inflaton. One of the examples of such a non-canonical kinetic term is the Dirac-Born-Infeld (DBI) form [28]. Recently scalar field with DBI type kinetic term has been widely studied in cosmology for both early and late time accelerated expansion of the Universe [29]. One popular equation of state that arises due to such a kinetic term is so called Chaplygin gas equation of state [30] which has many interesting cosmological signatures.

In the present investigation, we extend the work by Mortonson et al. for scalar fields with DBI type of kinetic term. For this we modify the MODECODE to include the DBI type kinetic term. We study the power law potentials, (V (ϕ) = ϕ^n with n = 2 and 4) as well as the potential for natural inflation.

2. OVERVIEW OF THE CALCULATION

The action for the scalar field with a non-canonical kinetic term and minimally coupled to gravity is given by S = ∫ d^4x √ −g ( R 16πG − V (ϕ) √ 1 + η^2 g^{μν} ∂_μϕ∂_ν ϕ ) , (1)

where η has the dimension of [length]^2 and the field ϕ has the dimension of mass.

2.1. Background evolution

In a homogenous and isotropic background, the scalar field with non-standard kinetic term has the energy density and presure of form: ρ = V (ϕ) √( 1 − η^2ϕ̇^2

) , (2)

P = −V (ϕ)(1 − η^2ϕ̇^2)^{1/2}. (3)

Here, dot denotes the differentiation with respect to cosmic time.The evolution of the background is governed by the Friedmann’s equations :

H^2 = 1 3M^2_{pl} V (ϕ) (1 − η^2ϕ̇^2)^{1/2}

, (4)

Ḣ = − V (ϕ)η^2 ϕ̇2 2M^2_{pl}(1 − η^2ϕ̇^2)^{1/2}

. (5)

The evolution of the scalar field is governed by the equation: ϕ̈ (1 − η^2ϕ̇^2)

+ 3Hϕ̇ + 1 η^2V (ϕ) dV (ϕ) dϕ = 0. (6)

In order to solve the equations numerically, we choose number of efolding, N = ln a as an independent variable and express the background equations in terms of N as

H^′ = − HV (ϕ)η^2ϕ^{′2} 2M^2_{pl}(1 − H^2η^2ϕ^{′2})^{1/2} H^2ϕ^{′′} + HH^′ϕ^′ (1 − H^2η^2ϕ^{′2})

+ 3H^2ϕ^′ + 1 η^2V (ϕ) dV (ϕ) dϕ = 0, (7)

where prime denote the differentiation with respect to N.

2.2. Perturbation Equations

The formalism for the perturbations in the K-inflation is given in [31]. The evolution of the curvature perturbation ζ is

ζ̈_k + 2 ( ż z ) ζ̇_k + c^2_sk^2ζ_k = 0, (8)

where z = a (ρ + p)^{1/2} c_sH , (9)

and the effective sound speed

c^2_s = ∂P/∂ϕ̇^2 ∂ρ/∂ϕ̇^2 = (1 − η^2ϕ̇^2) = −w. (10)

Here, dot denotes derivative with respect to conformal time and k is the modulus of the wavevector k . The curvature perturbation can be expressed in terms of the gauge invariant Mukhanov-Sasaki variable u_k = zζ. The Fourier modes u_k satisfy the equation

ü_k + ( c^2_sk^2 − z̈ z ) u_k = 0. (11)

The equation for u_k in term of e-folding(N) is u^{′′}_k + ( H^′ H + 1 ) u^′_k + { c^2_sk^2 a^2H^2

+ 4 + 2 H^′ H + (ϕ^{′′} +^{H′}_H ϕ^′) (1 − η^2H^2ϕ^{′2}) ( 2 ϕ^′ + dV (ϕ)/dϕ V (ϕ) ) + 2 dV (ϕ)/dϕ η^2H^2V (ϕ)ϕ^′ + 1 η^2H^2 ( 1 V (ϕ) d^2V dϕ^2 − (dV/dϕ)^2 V (ϕ) ) u_k = 0. (12)

Once we solve the u_k, we can easily find the power spectrum which is defined in terms of the two point correlation function as

P_ζ = k^3 2π^2

⟨ζ^⋆_k ζ^′_k⟩δ^3 (k − k^′) , (13)

and it is related to u_k and z via

P_ζ (k) = k^3 2π^2 | | u_k z | |^2 . (14)

While solving the equations of background and perturbations numerically we use a modified version of MODECODE [21], to compute the CMBR power spectra, and use COSMOMC [23] to analys the likelihood and perform the parameter estimation.

Tensor pertubations are described by the transverse tracless part of the perturbed metric. Since there is no modification in tensor perturbations due to non-canonical kinetic term of the scalar field, the Fourier modes of the tensor pertubations obey the usual equation:

v̈_k + ( k^2 − ä a ) v_k = 0. (15)

In terms parameter N, it becomes v^{′′}_k + ( H^′ H + 1 ) v^′_k + [ k^2 a^2H^2 − ( 2 + H^′ H )] v_k = 0. (16)

Similar to the scalar power spectrum, the primordial tensor power spectrum is related to v_k via

P^2_t (k) = 4 π^2 k^3 M^2_{pl} | | | v_k a | | |^2 . (17)

The scalar and the tensor spectral indices are defined as

n_s = 1 + ( d lnP_ζ d lnk ) and n_t = ( d lnP_t d lnk ) (18)

and the tensor-to-scalar ratio by r = ( P_t P_ζ ) . (19)

The scalar spectral index n_s and the tensor-to-scalar ratio r have different values according to the different inflationay models, so they are considered as important obseravable parameters. Conventionally, a scale invariant power spectrum for scalar perturbations correspond to n_s = 1 while that for tensor perturbations correspond to n_t = 0. But for a slowrolling scalar field, the power spectrum is never an exact scale invariant one. The departure from the scale invariance which is encoded in the spectral index n_s, is highly constrained by the measurements of the CMBR anisotropy. This puts stringent bound on the parameters of a typical scalar field model.

3. CHOICE OF POTENTIALS

We consider the case of chaotic inflation, first introduced by Linde [32] as well as the natural inflation. These models have also been considered by Mortonson et al. [21] in case of a scalar field with canonical kinetic energy term. Our motivation is to compare the results obtained by Mortonson et al. with those for similar potentials but with DBI type kinetic term. First, we consider the potential for chaotic inflation which has the form of

V_(ϕ) = λ ϕ^n n . (20)

Here n=2 corresponds to the qudratic form,^1_2 m^2ϕ^2 with λ = m^2 (m being the mass of the inflaton) and n=4 corresponds to the quartic form^1_4 λϕ^4 (λ being dimensionless coupling constant). Both these choices have been extensively studied for the canonical case. From the earlier studies, it has been found that the mass of the inflaton has to be 10^{12}GeV and λ ≤ 10^{−12} in order to satisfy observational constraints. This value of λ for the quartic case is unnaturally small and it is difficult to embade this in any reasonable models of particle physics. By considering the non-canonical kinectic term, we expect different bounds on λ and m^2 from that of the standard canonical case.

Next, we consider the model of natural inflation which was introduced by Freese et. al. [24, 25] to explain the small coupling parameter λ. Here inflaton is a Pseudo-Nambu-Goldstone-Boson (PNGB) having potential of the form

V (ϕ) = Λ^4 ( 1 + cos ( ϕ f )) . (21)

Natural inflation in the light of WMAP data has been studied by Savage et. al. [33] and they showed that the observational constraints on spectral index puts strong bound on the symmetry breaking scale f ≥ 0.7M_{pl}. Banks et. al. [34] have also shown that such a high scale can destabilize the flatness of the potential by large quantum corrections. It was pointed out [35, 36] that this scale can be reduced to the GUT scale if one considers PNGB coupled with the thermal bath as in warm inflationary models [37]. So, it is interesting to see the constraints on such type of potential with a modified kinetic term.

In our analysis, we expressed all the dimensionful quantities in units of the reduced Planck mass. The priors for the all parameters are given in Table I. We have set the uniform priors for the common parameters in the models. The priors for the potential parameters and η are sampled logarithmically as they correspond to some high energy physics scale. We have used a much broader range for the priors compared to the correspoding canonical case (see Table 1 of [21]), which is natural to do as we have an extra parameter η for kinetic coupling, relaxing the constraints on the potential parameters. We consider the general reheating case where the constraints on the total number of e-folds N_{pivot}, since the pivot scale left the horizon, is set as a parameter. So we can study the bound on the value of N_{pivot} in case of non-canonical case using the recent WMAP7 data. The priors for the N_{pivot} has an upper limit given by N_{irh} (similar as [21]): N_{irh} = 55.75 − log ( 10^{16}GeV V^{1/4}_{pivot} ) + log ( V^{1/4}_{pivot} V^{1/4}_{end} ) . (22)

TABLE I: Priors on model parameters

Model Priors n = 2 −14 < log m^2 < −5 2 < log η < 10 20 < Npivot, < 70 n = 4 −14 < log λ < −5 2 < log η < 10 20 < Npivot, < 70 Natural −7 < log Λ < 0 2 < log η < 14 20 < Npivot, < 70 −4 < log f < 3

FIG. 1: Constraints on the quadratic potential (V (ϕ) = m^2ϕ^2/2). Top Left : 1σ and 2σ contours in log m^2 − Npivot phase plane. Top-Right: 1σ and 2σ contours in log η − Npivot phase plane. Bottom left: 1σ and 2σ contours in log η − log m^2 phase plane. Bottom right: 1σ and 2σ contours in ns − r phase plane.

4. RESULTS

The results for different potentials are shown in figures 1, 2, 3 and 4. In Figure 1, we show the constraints on different parameters, m^2, η, N_{pivot} as well as the allowed region in the r − n_s phase plane for the quadratic potential. It is evident from these figures that N_{pivot} is almost uncorrelated to the parameters m^2 and η in our model, contrary to the canonical case where N_{pivot} is strongly correlated to the model parameters [21]. Similar behaviour is found for the quartic as well as the natural potential (see figures 2., 4).

Another interesting result is the behaviour of the contours in the r-n_s plane. These contours for all the potentials are tilted in the opposite direction compared to that of a canonical case. It shows that as the models approach towards scale invariance, one has lesser gravity waves. This makes the models with non canonical kinetic term more probable to satisfy the observations as data always prefer more scale invariance and lesser production of gravity waves.

The best fit values for the parameters are given in table II. As evident, the mean value of r is smaller than 0.1 in all models. The case of λϕ^4 potential is particularly interesting. In this case r = 0.0871 which is substantially smaller than the value r = 0.27 obtained for the canonical case [21]. With such a small r, λϕ^4 potential with noncanonical

FIG. 2: Same as Figure 1, but for quartic potential, λϕ^4/4.

FIG. 3: 1σ and 2σ contours in ns − r phase plane for natural inflation V (ϕ) = Λ^4 ( 1 + cos (_ϕ f )) ..

FIG. 4: Same as Figure 1 but for natural inflation, V (ϕ) = Λ^4 ( 1 + cos (_ϕ f )) .

TABLE II: Maximum likelihood (ML) values for WMAP7 constraints.

Model Model’s parameter log ηML ns,ML rML Npivot,ML −2 ln LML n = 2 log m^2_{ML} = −9.57 5.02 0.9745 0.0676 58.92 7475.3579 n = 4 log λML = −7.274 5.99 0.9727 0.0871 60.9338 7475.6259 Natural log ΛML = −2.19804 5.405 0.9733 0.0507 58.311 7475.2481 log fML = 0.02852

kinetic term is now allowed by the WMAP7 data. Even the Log-Likelihood (−2 ln L_{ML}) value for this model is now drastically reduced and is similar to the values for other potentials.

Another important result is that the value of λ for the quartic potential can now be as large as 10^{−7} (see table II) which is a much improved value compared to the canonical case. But it is still small to be consistent with particle physics.

5. CONCLUSION

In brief, we study the inflation driven by the scalar field models with non-canonical kinetic term, more specifically kinetic term of DBI form. To calculate the scalar and tensor power spectrum generated by the quantum fluctuations of these fields, we modify the publicly available MODECODE to incorporate the non-canonical kinetic term. We consider the power law as well as the natural inflation potentials for our study. There are number of interesting results that emerge from our study. Unlike the canonical case, parameter N_{pivot}, is almost uncorrelated with other model parameters. Moreover, the shape of the contours in the r − n_s plane for all the potentials show that as one approaches towards scale invariance, lesser gravity waves are produced. This result is completely opposite to that for the canonical case. This helps the λϕ^4 potential with a non canonical kinetic term to be allowed by the observational data. There is also a substantial improvement in the Maximum Likelihood value for the λϕ^4 potential whereas for other potentials, we get similar number as obtained by Mortonson et al. [21] for the canonical case.

In our study, we consider the action where the gravity sector is minimally coupled with the scalar field, having non-standard kinectic term. This can be easily extended to models where the scalar field is nonminimally coupled with the gravity sector. This will be our aim in future.

6. ACKNOWLEDGEMENT

The authors are thankful to Hiranya V. Peiris for her suggestions and comments reagarding MODECODE. Numerical computations were performed using the Cluster computing facility in the Harish-Chandra Research Institute,Allahabad, India (http://cluster.hri.res.in/index.html). We acknowledge the use of the MODECODE [21] and thank the authors to make it publicly available. N.C. Devi acknowledges the financial support provided by the CSIR, Govt. of India. N.C. Devi also acknowledges the Harish-Chandra Research Institute, Allahabad, India for the hospitality and numerical facility provided during various stages of the work. A.A Sen acknoweldges the financial support provided by the SERC, DST, Govt of India through the research grant DST-SR/S2/HEP-043/2009.

[1] G. F. Smoot, C. L. Bennett, A. Kogut, E. L. Wright, J. Aymon, N. W. Boggess, E. S. Cheng, G. De Amici et al., Astrophys.

J. 396, L1-L5 (1992).

[2] D. N. Spergel et al. [ WMAP Collaboration ], Astrophys. J. Suppl. 148, 175-194 (2003). [astro-ph/0302209]. [3] H. V. Peiris et al. [ WMAP Collaboration ], Astrophys. J. Suppl. 148, 213 (2003). [astro-ph/0302225]. [4] D. N. Spergel et al. [ WMAP Collaboration ], Astrophys. J. Suppl. 170, 377 (2007). [astro-ph/0603449]. [5] E. Komatsu et al. [ WMAP Collaboration ], Astrophys. J. Suppl. 180, 330-376 (2009). [arXiv:0803.0547 [astro-ph]]. [6] E. Komatsu et al. [ WMAP Collaboration ], Astrophys. J. Suppl. 192, 18 (2011). [arXiv:1001.4538 [astro-ph.CO]]. [7] Sudeep Das et al. Phys. Rev. Lett. bf 107, 021301 (2011) [8] Sudeep Das et al. Phys. Rev. Lett. bf 107, 021302 (2011) [9] S. Perlmutter et al., Astrophys. J. 517, 565 (1999); A. G. Riess et al., Astron. J. 116, 1009 (1998). [10] U. Seljak et al [SDSS collboration], Phys.Rev. D 71, 103515, (2005). [11] A. H. Guth, Phys. Rev. D23, 347 (1981). [12] A. D. Linde, Phys. Lett. B108, 389-393 (1982). [13] A. A. Starobinsky, Phys. Lett. B91, 99-102 (1980). [14] V. F. Mukhanov, G. V. Chibisov, JETP Lett. 33, 532-535 (1981) [15] S. W. Hawking, Phys. Lett. B115, 295 (1982). [16] A. A. Starobinsky, Phys. Lett. B117, 175-178 (1982). [17] A. H. Guth, S. -Y. Pi, Phys. Rev. D32, 1899-1920 (1985). [18] D. Choudhury, D. Ghoshal, A. A. Sen, [arXiv:1106.6231 [gr-qc]] [19] A. Liddle and D. Lyth, Cosmological Inflation and Large-Scale Structure, Cambridge University Press (2000), and references therein.

[20] The Planck Collaboration (2006), astro-ph/0604069.

[21] M. J. Mortonson, H. V. Peiris, R. Easther, Phys. Rev. D83, 043505 (2011). [arXiv:1007.4205 [astro-ph.CO]]. [22] A. Lewis, A. Challinor, A. Lasenby, Astrophys. J. 538, 473-476 (2000). [astro-ph/9911177]. [23] A. Lewis, S. Bridle, Phys. Rev. D66, 103511 (2002). [astro-ph/0205436]. [24] K. Freese, J. A. Frieman, A. V. Olinto, Phys. Rev. Lett. 65, 3233-3236 (1990).

[25] F. C. Adams, J. R. Bond, K. Freese, J. A. Frieman, A. V. Olinto, Phys. Rev. D47, 426-455 (1993). [hep-ph/9207245]. [26] R. Easther, W. H. Kinney and B. A. Powell, JCAP 0608, 004 (2006). [27] C. Armendariz-Picon, T. Damour and V. F. Mukhanov, Phys.Lett. B 458, 209 (1999). [28] A. Sen, JHEP 0204 , 048 (2002); A. Sen, JHEP 0207 , 065 (2002).

[29] M. Fairbairn, M. H. G. Tytgat, Phys. Lett. B546, 1-7 (2002); L. Kofman, A. D. Linde, JHEP 0207, 004 (2002);

M. C. Bento, O. Bertolami, A. A. Sen, Phys. Rev. D67, 063511 (2003); J. Garriga, V. F. Mukhanov, Phys. Lett. B458, 219-225 (1999); A. Sen, hep-th/0312153; J. S. Bagla, H. K. Jassal and T. Padmanabhan, Phys. Rev. D 67 , 063504 (2003); T. Padmanabhan and T. Roy Choudhury, Phys. Rev. D 66 , 081301 (2002); A. .A. Sen, JCAP 0603, 010, (2006); L. Lorenz, J. Martin, and C. Ringeval, JCAP 04, 001 (2008); R. Bean, X. Chen, H. Peiris, and J. Xu, Phys. Rev. D 77, 023527 (2008).

[30] A. Y. Kamenshchik, U. Moschella and V. Pasquier, Phys. Lett. B 511, 265 (2001); M. C. Bento, O. Bertolami and A. A. Sen, Phys. Rev. D 66, 043507 (2002); N. Bilic, G. Tupper and R. Viollier, Phys.Rev. D 535, 17 (2002).

[31] J. Garriga and V. F. Mukhanov, Phys.Lett. 458, 219 (1999). [32] A. D. Linde, Phys. Lett. B129, 177-181 (1983).

[33] C. Savage, K. Freese, W. H. Kinney, Phys. Rev. D74, 123511 (2006). [hep-ph/0609144]. [34] T. Banks, M. Dine, P. J. Fox, E. Gorbatov, JCAP 0306, 001 (2003). [hep-th/0303252]. [35] S. Mohanty, A. Nautiyal, Phys. Rev. D78, 123515 (2008). [arXiv:0807.0317 [hep-ph]]. [36] H. Mishra, S. Mohanty, A. Nautiyal, [arXiv:1106.3039 [hep-ph]]. [37] A. Berera, Phys. Rev. Lett. 75, 3218-3221 (1995). [astro-ph/9509049].