arXiv:astro-ph/0603393 v2 28 Sep 2006

Probing Inflation and Dark Energy with Current Cosmological Observations

Jun-Qing Xia^a,^∗ Gong-Bo Zhao^a,^† Bo Feng^b,^‡ and Xinmin Zhang^{a§} aInstitute of High Energy Physics, Chinese Academy of Science, P.O. Box 918-4, Beijing 100049, P. R. China and b Research Center for the Early Universe(RESCEU), Graduate School of Science, The University of Tokyo, Tokyo 113-0033, Japan (Dated: September 28, 2006)

It is commonly believed that our Universe has experienced at least two different stages of accelerated expansion. The early stage is known as inflation and the current acceleration is driven by dark energy. Observing inflation and dark energy dynamics are among the most important aspects of the current cosmological research. In this paper we make a first detailed probe of the possible degeneracies between dynamical inflation and dark energy in light of the current cosmological observations. We have combined Type-Ia supernova (Riess ”gold” samples), galaxy clustering (SDSS 3D power spectra) and the Wilkinson Microwave Anisotropy Probe (WMAP) observations and performed a global analysis using the Markov chain Monte Carlo (MCMC) method. We find the inclusion of inflation and dark energy parameters together make the parameter spaces broader and the degeneracy between the inflation dark energy parameters are nontrivial: the allowed/preferred behavior of dynamics in one sector is dependent on the prior of the other sector. Interestingly a deviation from scale-invariant primordial spectrum is sightly more preferred by the current cosmological observations when one marginalizes over dynamical dark energy models.

PACS number(s): 98.80.Es, 98.80.Cq

I. INTRODUCTION

Recent advances in both theoretical and observational cosmology have revealed that our Universe has experienced two different stages of accelerated expansion. One is the inflation in the very early universe when its tiny patch was superluminally stretched to become our observable Universe today[1, 2]. It can naturally explain why the universe is flat, homogeneous and isotropic. Inflation is driven by a potential energy of a scalar field called inflaton and its quantum fluctuations turn out to be the primordial density fluctuations which seed the observed large-scale structures (LSS) and anisotropy of cosmic microwave background radiation (CMB). In the past decade, inflation theory has successfully passed several nontrivial tests. In particular, the released first year Wilkinson Microwave Anisotropy Probe (WMAP) data [3] have detected a large-angle anti-correlation in the temperature–polarization cross-power spectrum, which is the signature of adiabatic superhorizon fluctuations at the time of decoupling[4]. The cosmological observations such as the first year WMAP(WMAP1) and the Sloan Digital Sky Survey (SDSS) are in good agreement with adiabatic and scale invariant primordial spectrum(see e.g. [5, 6]), which is consistent with single field slow rolling inflation predictions. On the other hand, however, inflation generically predicts primordial spectrum with some deviations from scale invariance and it is crucial to probe the scale dependence of primordial spectrum in light of the cosmological observations. The tentatively interesting features of the first year WMAP observations have aroused a lot of interests to explain such effects with the dynamics of inflation[7].

In 1998 the analysis of the redshift-distance relation of Type Ia supernova (SNIa) has revealed the existence of the second stage of accelerated expansion that has started rather recently when a mysterious new energy component dubbed dark energy(DE) has dominated the energy density of the Universe. [8, 9]. Recent observations of SNIa have confirmed the accelerated expansion at high confidence level[10, 11, 12, 13]. The nature of dark energy is among the biggest problems in modern physics and has been studied widely. A cosmological constant, the simplest candidate of DE where the equation of state (EOS) w remains -1, suffers from the well-known fine-tuning and coincidence problems. Alternatively, dynamical dark energy models with the rolling scalar fields have been proposed, such as quintessence[14, 15], phantom [16] and k-essence[17, 18]. Given that currently we know very little on the theoretical aspects of dark energy, the cosmological observations play a crucial role in our understanding of dark energy. If the observations strongly favor the dark energy component with a deviation from w = −1, then the cosmological constant which puzzles the theorists would not be the source driving current acceleration of the universe.

Since there are many common aspects of the background physics, albeit the striking difference of the energy scale between the two stages of accelerated expansion, it would be nice if one could unify inflation with dark energy. The model of quintessential inflation[19] has been proposed in history trying to unify the two epoches of accelerated expansions. The first year WMAP observations show the lack of the temperature-temperature correlation power on the largest scales and many studies have attributed it to the suppressed primordial spectrum due to some dynamics of inflaton. Intriguingly, in Ref.[20] the authors have attributed the lack of power to the isocurvature fluctuations in the quintessence which may be generated during inflation, thus the different dynamics of the dark energy sector and inflation can lead to similar effects on the observations, where such a degeneracy may reflect the possible connections between dark energy and inflation.

Observing inflation and dark energy dynamics are among the most important aspects of the current cosmological research. So far to our knowledge in the previous observational studies of dynamical dark energy or inflation not enough attention has been paid to the possible correlation between the two sectors: dark energy and inflation. In this paper we make a first detailed probe of the possible degeneracies between dynamical inflation and dark energy in light of the current cosmological observations. Our paper is structured as follows: in Section II we describe the method and the data; in Section III we present our results by global fittings; finally we give our summary and conclusions in Section IV.

II. METHOD AND DATA

The role of the primordial scalar spectral index n_s in the probe of inflation is somewhat similar to that of dark equation of state w in the measurement of dark energy. The case of n_s = 1 corresponds to the scale invariant Harrison-Zel’dovich spectrum, where the scalar spectrum is constant over all scales and w = −1 corresponds to the cosmological constant where the density of dark energy does not evolve with time. A detection of deviation from n_s = 1 or w = −1 would mark a breakthrough in our understanding of inflation and dark energy. To make our study on inflation and dark energy symmetric and in some sense model independent, we parametrize n_s and w with linear expansions and keep them to the first order:

n_s(k) = n_s(k_{s0}) + α_s ln ( k k_{s0} ) , (1)

where k_{s0} is a pivot scale which is arbitrary in principle and α_s is a constant characterizing the ”running” of the scalar spectral index. The scalar spectral index n_s is related to the primordial scalar power spectrum P_χ(k) by definition:

n_s(k) ≡ dP_χ(k)/d ln k + 1. (2)

Correspondingly P_χ(k) is now parametrized as[21]:

ln P_χ(k) = ln A_s + (n_s(k_{s0}) − 1) ln ( k k_{s0} ) + α_s 2 ( ln ( k k_{s0} ))_2 . (3)

Accordingly for the dark energy sector the equation of state is parametrized as [22]:

w_{DE} (a) = w_0 + w_1(1 − a) (4)

where a = 1/(1 + z) is the scale factor and w_1 characterizes the ”running” of the equation of state. The equation of state is defined as the pressure over the energy density, which leads to the evolution of dark energy density via the energy conservation of dark energy:

ρ_Q(a)/ρ_Q(a_0 = 1) = a^{−3(1+w0+w1 )} exp [3w_1(a − 1)] . (5)

The current publicly available codes like CMBfast[23, 24] and CAMB[25, 26] have well adapted the constant running of the primordial spectral index. For the constant running of the dark energy equation of state it is not so straightforward[27, 28]. For the common dynamical dark energy models like quintessence or phantom, the equation of state does not get across -1, and for the global fittings through parametrizations of w the dynamics of quintessence or phantom has been fully enclosed in w in which sense one can even reconstruct the potentials of quintessence and phantom with w. However in the cases where w gets across -1 during evolution, single field scalar dark energy models like quintessence, phantom or k-essence cannot realize such a transition and on the other hand, for the parametrizatized dark energy one is encountered with the problem of divergence for the perturbation equations[28]. These properties have been investigated in details in our companion paper in Ref.[28]. Dark energy with equation of state getting across -1 has been dubbed quintom in the sense that it resembles the combined behavior of quintessence and phantom[29, 30, 31]. We have shown that in general to realize the model of quintom one needs to add extra degrees of freedom beyond the standard single field case[28]. In the extant two-field-quintom model and the single field model with a high derivative term[32], the perturbation of dark energy is shown to be continuous when w gets across -1.

For the parametrization of the equation of state which gets across -1, we introduce a small positive constant ϵ to divide the full range of the allowed value of w into three parts: 1) w > −1 + ϵ; 2) −1 + ϵ ≥ w ≥ −1 − ϵ; and 3) w < −1 − ϵ. Working in the conformal Newtonian gauge, one can easily describe the perturbations of dark energy as follows [33]:

δ̇ = −(1 + w)(θ − 3Φ̇) − 3H(c^2_s − w)δ , (6) θ̇ = −H(1 − 3w)θ − ẇ 1 + w θ + k^2( c^2_sδ 1 + w

+ Ψ) . (7)

Neglecting the entropy perturbation contributions, for the regions 1) and 3) the equation of state does not get across −1 and perturbations are well defined by solving Eqs.(6,7). For the case 2), the perturbation of energy density δ and divergence of velocity, θ, and the derivatives of δ and θ are finite and continuous for the realistic quintom dark energy models. However for the perturbations of the parametrized quintom there is clearly a divergence. In our study for such a regime, we match the perturbation in region 2) to the regions 1) and 3) at the boundary and set[28]

δ̇ = 0 , θ̇ = 0. (8)

In our numerical calculations we’ve limited the range to be |Δw = ϵ| < 10^{−5} and we find our method is a very good approximation to the multi-field quintom. For more details of this method we refer the readers to our previous companion paper [28].

In this study we have implemented the publicly available Markov Chain Monte Carlo package CosmoMC[34], which has been modified to allow for the inclusion of Dark Energy perturbation with the equation of state getting across −1. We assume purely adiabatic initial conditions and a flat Universe. Our most general parameter space is:

P ≡ (ω_b, ω_c, Θ_s, τ, w_0, w_1, n_s, α_s, ln(10^{10}A_s), r) (9)

where ω_b ≡ Ω_bh^2 and ω_c ≡ Ω_ch^2 are the physical baryon and Cold Dark Matter densities relative to the critical density, Θ_s is the ratio (multiplied by 100) of the sound horizon to the angular diameter distance at decoupling, τ is the optical depth to re-ionization, A_s, n_s and α_s characterize the primordial scalar power spectrum. r is the tensor to scalar ratio of the primordial power spectrum and for the tensor slope n_T we have fixed r = −8n_T . For the pivot of the primordial spectrum we set k_{s0} = 0.05Mpc^{−1}. Furthermore, we make use of the Hubble Space Telescope (HST) measurement of the Hubble parameter H_0 ≡ 100h km s^{−1} Mpc^{−1}[35] by multiplying the likelihood by a Gaussian likelihood function centered around h = 0.72 and with a standard deviation σ = 0.08. We also impose a weak Gaussian prior on the baryon and density Ω_bh^2 = 0.022 ± 0.002 (1 σ) from Big Bang Nucleosynthesis[36].

In our calculations we have taken the total likelihood to be the products of the separate likelihoods (L_i) of CMB, LSS and SNIa. In other words defining χ^2_i ≡ −2 log L_i, we get

χ^2_{total} = χ^2_{CMB} + χ^2_{LSS} + χ^2_{SNIa} . (10)

We have included the first-year temperature and polarization data with the routine for computing the likelihood supplied by the WMAP team[3, 37]. We use the code developed in Ref.[38] to fit the 3D power spectrum of galaxies from the SDSS and the bias factor of SDSS has been used as a continuous parameter to give the minimum χ^2 value. For the SNIa data we use the 157 gold-sample data published by Riess et al[11] and in the calculation of the likelihood we have marginalized over the nuisance parameter[39].

Compared with Riess ”gold” sample of SNIa, the first year Supernova Legacy Survey (SNLS) sample[13] has been measured with one telescope and the systematics are better constrained. However for the time being their determination on cosmological parameters are marginal comparable[40]. Due to the fact that the two samples of SNIa have been from different methods of light curve fitting a combination of them is not so straightforward. For LSS for the time being the Two degree Field (2dF) [41] and SDSS[38] are also comparable and for the current study we have not combined the two data sets simultaneously.

For each regular calculation, we run 8 independent chains comprising of 150, 000 − 300, 000 chain elements and spend thousands of CPU hours to calculate on a supercomputer. The average acceptance rate is about 40%. We test the convergence of the chains by Gelman and Rubin criteria[42] and find R − 1 is of order 0.01 which is more conservative than the recommended value R − 1 < 0.1.

TABLE 1. Median values and 1σ constrains on ns, r, αs, w0 and w1 for the three models as explained in the text, shown together with the minimum χ^2 values . For r the 2σ upper bounds have been shown instead.

ΛCDM Scale Invariant Dynamical DE w0 set to -1 −1.28 ± 0.23 −1.28 ± 0.25 w1 set to 0 0.554^{+0.880}_{−0.948} 0.593^{+0.815}_{−0.899} ns 0.990 ± 0.041 set to 1 0.984 ± 0.057 αs −0.0322^{+0.0357}

−0.0353 set to 0 −0.0400

+0.0366 −0.0355

r < 0.455(95%) set to 0 < 0.465(95%) χ^2 1638 1635 1634

III. RESULTS

To get the clear effects on the possible correlations between dynamical inflation and dark energy we mainly focus on the three kinds of models: one is the ΛCDM cosmology where n_s, r and α_s are enclosed in the inflationary sectors, one is with scale-invariant primordial spectrum (r not included) where w_0 and w_1 are included in the dark energy sector, and the third one includes all of the free parameters like n_s, r, α_s, w_0 and w_1^1.

Table 1 lists all of the relevant 1-dimensional median values and 1σ constrains for the three models specified above. Shown together are the minimum χ^2 values for each case. For the constraints on r only 2σ upper bounds have been shown. The effects of different priors on the inflationary and dark energy sectors will be explained in details with the 2-dimensional graphics of the sub parameter space below.

FIG. 1: Constraints on the primordial spectrum parameters by marginalizing over ΛCDM cosmology (Blue Dash line) and over dynamical dark energy with equation of state w = w0 + w1(1 − a) (Red Solid line). The two dimensional contours stand for 68% and 95% C.L.

In Fig. 1 we delineate the two dimensional contours of the primordial spectrum parameters by marginalizing over ΛCDM cosmology (Blue Dash lines) and over dynamical dark energy with equation of state in Eq. (4) (Red Solid lines). The contours stand for 68% and 95% C.L. Although in general the case with dynamical dark energy gives less stringent constraints on the primordial spectrum, the ΛCDM case does not overlap fully with the dynamical dark energy case. Intriguingly for the combination with the inclusion of dark energy dynamics, the constraints on the tensor contributions exhibit different behaviors at 68% and 95% C.L. And at 68% C.L. the constraint on r is more stringent with the inclusion of dark energy dynamics, which is different from naively expected. This can be explained by the mild preference on the dark energy dynamics in the combination of WMAP1+SDSS+SNIa(Riess)

1 For the simplicity of discussions we do not discuss the effects on A_s and Ω_{DE} , although we did vary them in our fittings.

and the degeneracy between dark energy dynamics and r on the largest scales of CMB. From Table 1 we can find the preference of dynamical DE is slightly larger than 1σ from the different minimum χ^2 values as well as from the 1-dimensional constraint on the parameter of w_0. Also we can see some difference in the constraints on α_s and the value of n_s at 0.05 Mpc^{−1}. Note the best fit values of α_s in some sense deviate a lot from zero, the difference on the probe of scale variance may be non-negligible for the two cases. We get α_s = −0.032^{+0.046}_{−0.035} for the ΛCDM cosmology and −0.040^{+0.037}_{−0.036} instead for the case with dynamical dark energy. Roughly speaking a scale invariant primordial spectrum is not yet ruled out in the ΛCDM cosmology while disfavored more than 1σ when we allow the dynamics of dark energy! We will turn to this in more details in the later part of this paper.

FIG. 2: 68% and 95% constraints on the dynamical dark energy model w = w0 + w1(1 − a) marginalizing over scale-invariant primordial spectrum (Blue Dash line) and over primordial spectrum with a running spectral index (Red Solid line). In the latter case tensor contributions are included. The Dotted lines stand for w0 ≡ −1 and w0 + w1 ≡ −1.

In Fig. 2 we plot the 68% and 95% constraints on the (w_0, w_1) contour marginalizing over scale-invariant primordial spectrum (Blue Dash line) and over primordial spectrum with a running spectral index (Red Solid line). We find interestingly the 1 σ regions do not overlap fully and the cosmological constant case lies at the edge where the 1 σ regions overlap.Numerically we get w_0 = −1.28 ± 0.23, w_1 = 0.569^{+0.865}_{−0.927} for the scale-invariant case and w_0 = −1.28 ± 0.25, w_1 = 0.591^{+0.804}_{−0.881} with a running spectral index. We cut the parameter space of w_0 − w_1 into four areas by the line of w_0 ≡ −1 and w_0 + w_1 ≡ −1, Quintessence, Phantom, Quintom A (w_{DE} is Phantom-like today but Quintessence-like in the past) and Quintom B (Dark Energy has w_{DE} > −1 today but w_{DE} < −1 at higher redshifts). Quintom A almost occupies the 1 σ region. In a previous companion paper in the probe of dynamical dark energy, we got similar results where for the primordial spectrum part we included only n_s and A_s[40]. However inflation predicts nonzero tensor contribution and it is a crucial parameter towards verifying the theory of inflation, in the current paper we consider r contributions in cases we do not simply assume a Harrison-Zel’dovich spectrum.

In the probe of deviations from scale invariance and dynamical dark energy it is sometimes more intuitive to get constraints on the whole slopes of n_s(k) and w(z) on the relevant scales. We have got the constraints on n_s(k) and w(z) by using the covariance matrix of n_s(k_{s0}), α_s and w_0, w_1 from our MCMC results. In Fig. 3 and Fig. 4 we plot the constraints on n_s(k) and w(z) for the two different cases. In Fig. 3 it is obvious that scale-invariant primordial spectrum is more disfavored in the case with dynamical dark energy, although it does allow more parameter space compared with the ΛCDM cosmology. It is intriguing that if we start always from ΛCDM cosmology in the probe of the primordial spectrum information, we might fail to find the true physics which is crucial for understanding inflation. Neglecting dark energy dynamics might lead to the bias on the probe of inflation, although the statistical significance is rather low.

In Fig. 4 we find that in both cases dynamical dark energy is favored more than 1σ compared with the cosmological constant. This happens that in both cases w_0 < −1 is favored more than 1σ, as shown previously. The 1σ regions in Fig. 4 differ little when marginalizing over scale-invariant primordial spectrum and over primordial spectrum with a running spectral index, which can also be easily understood from Fig. 2^2 and the minimum χ^2 values in Table 1.

2 Ref.[6] has done some similar analysis on this point, where different observational datasets have been used with somewhat different

FIG. 3: 68% and 95% constraints on the slope of ns(k) by marginalizing over ΛCDM cosmology (Left) and over dynamical dark energy with equation of state w = w0 + w1(1 − a) (Right). The blue thick line stands for the scale-invariant primordial spectrum.

FIG. 4: 68% and 95% constraints on the evolution of dynamical dark energy model w = w0 + w1(1 − a) marginalizing over scale-invariant primordial spectrum (Left) and over primordial spectrum with a running spectral index (Right). In the latter case tensor contributions are included.

results. They did not include the effects of dark energy perturbations and study the constraints on dynamical dark energy with also α and r. In this paper we have tried to probe the deviation from scale variance and dynamical dark energy in equal weights.

Our results here are somewhat similar to a previous analysis in Ref. [43]. The mild preference of dynamical dark energy over a cosmological constant lies mainly on the Riess sample of SNIa[11]. On the other hand such a preference also shows imprints on large scales of CMB multipoles via the Integrated Sachs-Wolfe (ISW) effect and dark energy perturbations, which are correlated with r and α_s. Future improvements on the SNIa observations will also inversely help to probe the information of the primordial spectrum, as implied in our Fig. 1 and Fig. 3.

IV. SUMMARY AND DISCUSSIONS

In this paper we have preformed an analysis of global fitting allowing simultaneously the dynamics in both inflation and dark energy sector. Our result shows that there is generically some correlation between the inflation and dark energy parameters and the parameter space is typically enlarged for the probe of dynamics in either sector compared to cases where one assume there can be some dynamics in only one of these sectors. When we allow some dynamics in the dark energy sector we find interestingly a deviation from scale-invariant primordial spectrum is sightly more favored by current cosmological observations than assuming a ΛCDM cosmology.

We should stress that starting from the theoretical aspects it is not so natural to predict exactly a constant running on α_s or w_1, on the other hand given the current precision of the observations and also for a generic study of the dynamics we are simply using some of the parametrizations on each sector. In general it is not so easy to achieve a precision cosmology [44], given the fact that for CMB (also LSS and lensing) on large scales we have the cosmic variance, on small scales we have the secondary effects which are non-negligible compared with the damped power itself and for LSS on small scales we have the not yet well-understood factor of bias and the complicated nonlinear evolutions. And for SNIa the calibration is in some sense an open issue. Actually with our better understandings of the Universe and the developments of technology we are able to probe the Universe with more versatile observations with time going on. Nowadays we are also hoping to extract the information of the Universe through the observations from weak and strong lensing, radio galaxies, Gamma-ray bursts(GRB), Lyman-α forest(Lya) and the bayonic oscillations inherited in the LSS observations. However we also need to understand better their inherited systematics before we can extract more robust and precise information of our Universe. In this paper we have not considered small scale CMB observations or those like Lya or GRB. We should point out that our fittings are only one of the data combinations and different combinations can certainly lead to somewhat different fitting results, on the other hand given the data set we use our results are robust.

Observing inflation and dark energy dynamics are among the most important aspects of the current cosmological research. Currently we are not yet able to detect the dynamics on either sector and in particular the possible contaminations of the CMB observations on the largest scales will affect our results qualitatively[45]. However our main concentration is to make a first detailed study in the probe of possible correlations between inflation and dark energy. If one starts always from the concordance ΛCDM cosmology one cannot achieve more subtle physics beyond that. And as we have shown in the cases one assume there is dynamics in only one of the sectors this can lead to some bias in our probe of the dynamics. If such result can be confirmed at great significance by future observations, it will also shed light on the study of inherent relationship between inflation and dark energy.

Recently the WMAP three year data (WMAP3) has been released[46, 47, 48, 49, 50], with significant improvements on the quality[47]. WMAP3 team claims a nontrivial preference of the red-tilted power spectrum, which is different from the first year results and we can hopefully get some different fitting results. However our qualitative results depend strongly on the largest scales of CMB and as implied recently in Ref.[51] the pixel-based likelihood of WMAP3 on the largest scales seems to take too large a weight on the determination of cosmological parameters and one might take the risk of getting biased, in the present paper we do not include the new WMAP3 data for a reanalysis and leave it for future investigations.

Acknowledgement. — We acknowledge using the sources of Shanghai Supercomputer Center (SSC) and the Super Computing Center of Chinese Academy of Sciences (SCCAS). We thank Hong Li, Mingzhe Li and Jun’ichi Yokoyama for helpful discussions. This work is supported in part by the National Natural Science Foundation of China (NSFC) under Grant Nos. 10533010, 90303004, 19925523 and by the Ministry of Science and Technology of China under Grant No. NKBRSF G19990754.

∗ Electronic address: xiajq@mail.ihep.ac.cn † Electronic address: zhaogb@mail.ihep.ac.cn

‡ Electronic address: fengbo@resceu.s.u-tokyo.ac.jp § Electronic address: xmzhang@mail.ihep.ac.cn [1] A. H. Guth, “The Inflationary Universe: A Possible Solution To The Horizon And Flatness Problems,” Phys. Rev. D 23, 347 (1981); K. Sato, “First Order Phase Transition Of A Vacuum And Expansion Of The Universe,” Mon. Not. Roy. Astron. Soc. 195, 467 (1981); For a review see e.g. A. D. Linde, “Inflationary cosmology,” Phys. Rept. 333, 575 (2000).

[2] For relevant studies see also A. H. Guth and S. H. H. Tye, “Phase Transitions And Magnetic Monopole Production In The Very Early Universe,” Phys. Rev. Lett. 44, 631 (1980) [Erratum-ibid. 44, 963 (1980)]; A. A. Starobinsky, “A new type of isotropic cosmological models without singularity,” Phys. Lett. B 91, 99 (1980).

[3] A. Kogut et al., “Wilkinson Microwave Anisotropy Probe (WMAP) First Year Observations: TE Polarization,” Astrophys.

J. Suppl. 148, 161 (2003) [arXiv:astro-ph/0302213].

[4] H. V. Peiris et al., “First year Wilkinson Microwave Anisotropy Probe (WMAP) observations: Implications for inflation,” Astrophys. J. Suppl. 148, 213 (2003) [arXiv:astro-ph/0302225].

[5] M. Tegmark et al. [SDSS Collaboration], “Cosmological parameters from SDSS and WMAP,” Phys. Rev. D 69, 103501 (2004) [arXiv:astro-ph/0310723].

[6] U. Seljak et al., “Cosmological parameter analysis including SDSS Ly-alpha forest and galaxy bias: Constraints on the primordial spectrum of fluctuations, neutrino mass, and dark energy,” Phys. Rev. D 71, 103515 (2005). [arXiv:astro-ph/0407372].

[7] C. R. Contaldi, M. Peloso, L. Kofman and A. Linde, “Suppressing the lower Multipoles in the CMB Anisotropies,” JCAP 0307, 002 (2003) [arXiv:astro-ph/0303636]; J. M. Cline, P. Crotty and J. Lesgourgues, “Does the small CMB quadrupole moment suggest new physics?,” JCAP 0309, 010 (2003) [arXiv:astro-ph/0304558]; B. Feng and X. Zhang, “Double inflation and the low CMB quadrupole,” Phys. Lett. B 570, 145 (2003) [arXiv:astro-ph/0305020]; J. Yokoyama, “Chaotic new inflation and primordial spectrum of adiabatic fluctuations,” Phys. Rev. D 59, 107303 (1999); M. Yamaguchi and J. Yokoyama, “Smooth hybrid inflation in supergravity with a running spectral index and early star formation,” Phys. Rev. D 70 (2004) 023513 [arXiv:hep-ph/0402282]; B. A. Bassett, S. Tsujikawa and D. Wands, “Inflation dynamics and reheating,” Rev. Mod. Phys. 78, 537 (2006) [arXiv:astro-ph/0507632]; X. Wang, B. Feng, M. Li, X. L. Chen and X. Zhang, “Natural inflation, Planck scale physics and oscillating primordial spectrum,” Int. J. Mod. Phys. D 14, 1347 (2005) [arXiv:astro-ph/0209242]; J. Martin and C. Ringeval, “Superimposed Oscillations in the WMAP Data?,” Phys. Rev. D 69, 083515 (2004) [arXiv:astro-ph/0310382]; Y. S. Piao, S. Tsujikawa and X. M. Zhang, “Inflation in string-inspired cosmology and suppression of CMB low multipoles,” Class. Quant. Grav. 21, 4455 (2004) [arXiv:hep-th/0312139]. Y. S. Piao, B. Feng and X. M. Zhang, “Suppressing CMB quadrupole with a bounce from contracting phase to inflation,” Phys. Rev. D 69, 103520 (2004) [arXiv:hep-th/0310206]; N. Kogo, M. Matsumiya, M. Sasaki and J. Yokoyama, “Reconstructing the primordial spectrum from WMAP data by the cosmic inversion method,” Astrophys. J. 607, 32 (2004) [arXiv:astro-ph/0309662]; N. Kogo, M. Sasaki and J. Yokoyama, “Reconstructing the Primordial Spectrum with CMB Temperature and Polarization,” Phys. Rev. D 70, 103001 (2004) [arXiv:astro-ph/0409052].

[8] A. G. Riess et al. [Supernova Search Team Collaboration], “Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant,” Astron. J. 116, 1009 (1998) [arXiv:astro-ph/9805201].

[9] S. Perlmutter et al. [Supernova Cosmology Project Collaboration], “Measurements of Omega and Lambda from 42 High- Redshift Supernovae,” Astrophys. J. 517, 565 (1999) [arXiv:astro-ph/9812133].

[10] J. L. Tonry et al. [Supernova Search Team Collaboration], “Cosmological Results from High-z Supernovae,” Astrophys. J.

594, 1 (2003) [arXiv:astro-ph/0305008].

[11] A. G. Riess et al. [Supernova Search Team Collaboration], “Type Ia Supernova Discoveries at z > 1 From the Hubble Space Telescope: Evidence for Past Deceleration and Constraints on Dark Energy Evolution,” Astrophys. J. 607, 665 (2004) [arXiv:astro-ph/0402512].

[12] A. Clocchiatti et al. [the High Z SN Search Collaboration], “Hubble Space Telescope and Ground-Based Observations of Type Ia Supernovae at Redshift 0.5: Cosmological Implications,” Astrophys. J. 642, 1 (2006) [arXiv:astro-ph/0510155].

[13] P. Astier et al., “The Supernova Legacy Survey: Measurement of ΩM , ΩΛ and w from the First Year Data Set,” Astron.

Astrophys. 447, 31 (2006) [arXiv:astro-ph/0510447].

[14] R. D. Peccei, J. Sola and C. Wetterich, “Adjusting The Cosmological Constant Dynamically: Cosmons And A New Force Weaker Than Gravity,” Phys. Lett. B 195, 183 (1987); C. Wetterich, “Cosmology And The Fate Of Dilatation Symmetry,” Nucl. Phys. B 302, 668 (1988).

[15] B. Ratra and P. J. E. Peebles, “Cosmological Consequences Of A Rolling Homogeneous Scalar Field,” Phys. Rev. D 37, 3406 (1988).

[16] R. R. Caldwell, “A Phantom Menace?,” Phys. Lett. B 545, 23 (2002) [arXiv:astro-ph/9908168]. [17] T. Chiba, T. Okabe and M. Yamaguchi, “Kinetically driven quintessence,” Phys. Rev. D 62 (2000) 023511 [arXiv:astro-ph/9912463].

[18] C. Armendariz-Picon, V. F. Mukhanov and P. J. Steinhardt, “A dynamical solution to the problem of a small cosmological constant and late-time cosmic acceleration,” Phys. Rev. Lett. 85, 4438 (2000) [arXiv:astro-ph/0004134]; Phys. Rev. D 63, 103510 (2001) [arXiv:astro-ph/0006373].

[19] P. J. E. Peebles and A. Vilenkin, “Quintessential inflation,” Phys. Rev. D 59, 063505 (1999) [arXiv:astro-ph/9810509]. [20] T. Moroi and T. Takahashi, “Correlated isocurvature fluctuation in quintessence and suppressed CMB anisotropies at low multipoles,” Phys. Rev. Lett. 92, 091301 (2004) [arXiv:astro-ph/0308208].

[21] A. Kosowsky and M. S. Turner, “CBR anisotropy and the running of the scalar spectral index,” Phys. Rev. D 52, 1739 (1995) [arXiv:astro-ph/9504071]; J. E. Lidsey, A. R. Liddle, E. W. Kolb, E. J. Copeland, T. Barreiro and M. Abney, “Reconstructing the inflaton potential: An overview,” Rev. Mod. Phys. 69, 373 (1997) [arXiv:astro-ph/9508078];

S. Hannestad, S. H. Hansen, F. L. Villante and A. J. S. Hamilton, “Constraints on inflation from CMB and Lyman-alpha forest,” Astropart. Phys. 17, 375 (2002) [arXiv:astro-ph/0103047]; S. L. Bridle, A. M. Lewis, J. Weller and G. Efstathiou, “Reconstructing the primordial power spectrum,” Mon. Not. Roy. Astron. Soc. 342, L72 (2003) [arXiv:astro-ph/0302306]; B. Feng, X. Gong and X. Wang, “Assessing the Effects of the Uncertainty in Reheating Energy Scale on Primordial Spectrum and CMB,” Mod. Phys. Lett. A 19, 2377 (2004) [arXiv:astro-ph/0301111].

[22] M. Chevallier and D. Polarski, “Accelerating universes with scaling dark matter,” Int. J. Mod. Phys. D 10, 213 (2001) [arXiv:gr-qc/0009008]; E. V. Linder, “Exploring the expansion history of the universe,” Phys. Rev. Lett. 90, 091301 (2003) [arXiv:astro-ph/0208512].

[23] U. Seljak and M. Zaldarriaga, “A Line of Sight Approach to Cosmic Microwave Background Anisotropies,” Astrophys. J.

469, 437 (1996) [arXiv:astro-ph/9603033]. [24] Available at http://cmbfast.org/ [25] A. Lewis, A. Challinor and A. Lasenby, “Efficient Computation of CMB anisotropies in closed FRW models,” Astrophys.

J. 538, 473 (2000) [arXiv:astro-ph/9911177]. [26] Available at http://camb.info/ [27] A. Vikman, “Can dark energy evolve to the phantom?,” Phys. Rev. D 71, 023515 (2005) [arXiv:astro-ph/0407107]. [28] G. B. Zhao, J. Q. Xia, M. Li, B. Feng and X. Zhang, “Perturbations of the quintom models of dark energy and the effects on observations,” Phys. Rev. D 72, 123515 (2005) [arXiv:astro-ph/0507482].

[29] B. Feng, X. L. Wang and X. M. Zhang, “Dark Energy Constraints from the Cosmic Age and Supernova,” Phys. Lett. B 607, 35 (2005) [arXiv:astro-ph/0404224].

[30] B. Feng, M. Li, Y. S. Piao and X. Zhang, “Oscillating quintom and the recurrent universe,” Phys. Lett. B 634, 101 (2006) [arXiv:astro-ph/0407432].

[31] Z. K. Guo, Y. S. Piao, X. M. Zhang and Y. Z. Zhang, “Cosmological evolution of a quintom model of dark energy,” Phys.

Lett. B 608, 177 (2005) [arXiv:astro-ph/0410654].

[32] M. z. Li, B. Feng and X. m. Zhang, “A single scalar field model of dark energy with equation of state crossing -1,” JCAP 0512, 002 (2005)[arXiv:hep-ph/0503268].

[33] C. P. Ma and E. Bertschinger, “Cosmological perturbation theory in the synchronous and conformal Newtonian gauges,” Astrophys. J. 455, 7 (1995) [arXiv:astro-ph/9506072].

[34] A. Lewis and S. Bridle, “Cosmological parameters from CMB and other data: a Monte-Carlo approach,” Phys. Rev. D 66, 103511 (2002) [arXiv:astro-ph/0205436]; See also the CosmoMC website at: http://cosmologist.info.

[35] W. L. Freedman et al., “Final Results from the Hubble Space Telescope Key Project to Measure the Hubble Constant,” Astrophys. J. 553, 47 (2001) [arXiv:astro-ph/0012376].

[36] S. Burles, K. M. Nollett and M. S. Turner, “Big-Bang Nucleosynthesis Predictions for Precision Cosmology,” Astrophys.

J. 552, L1 (2001) [arXiv:astro-ph/0010171].

[37] G. Hinshaw et al., “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Angular Power Spectrum,” Astrophys. J. Suppl. 148, 135 (2003) [arXiv:astro-ph/0302217]; C. L. Bennett et al., “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Preliminary Maps and Basic Results,” Astrophys. J. Suppl. 148, 1 (2003) [arXiv:astro-ph/0302207]; D. N. Spergel et al. [WMAP Collaboration], “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Determination of Cosmological Parameters,” Astrophys. J. Suppl. 148, 175 (2003) [arXiv:astro-ph/0302209]; L. Verde et al., “First Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Parameter Estimation Methodology,” Astrophys. J. Suppl. 148, 195 (2003) [arXiv:astro-ph/0302218].

[38] M. Tegmark et al. [SDSS Collaboration], “The 3D power spectrum of galaxies from the SDSS,” Astrophys. J. 606, 702 (2004) [arXiv:astro-ph/0310725].

[39] For details see e.g. E. Di Pietro and J. F. Claeskens, “Quintessence models faced with future supernovae data,” Mon. Not.

Roy. Astron. Soc. 341, 1299 (2003) [arXiv:astro-ph/0207332].

[40] J. Q. Xia, G. B. Zhao, B. Feng, H. Li and X. Zhang, “Observing dark energy dynamics with supernova, microwave background and galaxy clustering,” Phys. Rev. D 73, 063521 (2006) [arXiv:astro-ph/0511625].

[41] S. Cole et al. [The 2dFGRS Collaboration], “The 2dF Galaxy Redshift Survey: Power-spectrum analysis of the final dataset and cosmological implications,” Mon. Not. Roy. Astron. Soc. 362 (2005) 505 [arXiv:astro-ph/0501174].

[42] A. Gelman and D. Rubin, “ Inference from iterative simulation using multiple sequences,” Statistical Science 7, 457 (1992). [43] P. S. Corasaniti, M. Kunz, D. Parkinson, E. J. Copeland and B. A. Bassett, “The foundations of observing dark energy dynamics with the Wilkinson Microwave Anisotropy Probe,” Phys. Rev. D 70, 083006 (2004) [arXiv:astro-ph/0406608].

[44] S. L. Bridle, O. Lahav, J. P. Ostriker and P. J. Steinhardt, “Precision Cosmology? Not Just Yet,” Science 299 (2003) 1532 [arXiv:astro-ph/0303180].

[45] See e.g. D. J. Schwarz, G. D. Starkman, D. Huterer and C. J. Copi, “Is the low-l microwave background cosmic?,” Phys.

Rev. Lett. 93, 221301 (2004) [arXiv:astro-ph/0403353].

[46] D. N. Spergel et al., “Wilkinson Microwave Anisotropy Probe (WMAP) Three Year Results: Implications for Cosmology,” arXiv:astro-ph/0603449.

[47] L. Page et al., “Three Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Polarization Analysis,” arXiv:astro-ph/0603450.

[48] G. Hinshaw et al., “Three-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Temperature Analysis,” arXiv:astro-ph/0603451.

[49] N. Jarosik et al., “Three-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Beam Profiles, Data Processing, Radiometer Characterization and Systematic Error Limits,” arXiv:astro-ph/0603452.

[50] Available at http://lambda.gsfc.nasa.gov/product/map/ .

[51] B. Feng, J. Q. Xia and J. Yokoyama, “Scale dependence of the primordial spectrum from combining the three-year WMAP, Galaxy Clustering, Supernovae, and Lyman-alpha forests,” arXiv:astro-ph/0608365.