arXiv:hep-th/0511102 v3 11 Dec 2006

Why the Universe Started from a Low Entropy State

R. Holman Department of Physics, Carnegie Mellon University, Pittsburgh PA 15213, USA^∗

L. Mersini-Houghton Department of Physics and Astrononmy, UNC-Chapel Hill, NC, 27599-3255, USA^† (Dated: December 11, 2006)

We show that the inclusion of backreaction of massive long wavelengths imposes dynamical constraints on the allowed phase space of initial conditions for inflation, which results in a superselection rule for the initial conditions. Only high energy inflation is stable against collapse due to the gravitational instability of massive perturbations. We present arguments to the effect that the initial conditions problem cannot be meaningfully addressed by thermostatistics as far as the gravitational degrees of freedom are concerned. Rather, the choice of the initial conditions for the universe in the phase space and the emergence of an arrow of time have to be treated as a dynamic selection.

PACS numbers: 98.80.Qc, 11.25.Wx

I. INTRODUCTION

The landscape picture of string vacua[1] has been the driving influence behind a major rethinking of the way that predictions are extracted from a physical theory. One view is that we are necessarily led to something like the anthropic principle[2] as the only way that string theory can be made predictive. We must then hope that the physical quantities of interest are amenable to anthropic predictions; an example of this is Weinberg’s calculation of the cosmological constant. An interesting discussion of this and other points concerning the landscape can be found in Ref.[3].

Another point of view is that string theory might still be as predictive as other theories in physics, but that it requires a much deeper understanding of the initial conditions (IC) for the Universe. In [4, 5] we argued that a landscape picture must, in fact, be expected of any theory of initial conditions. The hope would then be that a superselection rule emerges from the quantum dynamics whereby the Universe would find itself driven to choose a unique vacuum state which could be computed from the requirement that it is the most probable state the Universe can access starting from “nothing”, [5, 6, 7, 8, 9].

The idea that the selection of the correct vacuum should be driven by the quantum dynamics of gravity, is a tantalizing one. What we need is some physical requirement that can reduce the number of allowed initial states. Here we demonstrate that a superselection criterion emerges as a result of decoherence obtained through the backreaction of matter modes onto the gravitational degrees of freedom. The WMAP[10] results might shed some insight [11] into this. They are consistent with the predictions from inflation. In particular, the anti-correlation between the TE and TT power spectra as a function of multipole number is a potential “smoking-gun” for inflation. Perhaps then, we

∗rh4a@andrew.cmu.edu †mersini@physics.unc.edu

should focus our attention on the portion of the landscape that allows for inflation.

If inflation did indeed occur, the data argue for a high inflationary energy scale, perhaps near the grand unified scale ∼ 10^{16−17} GeV. How likely is this? One way to frame this question is through the relation S_i = 3πG/Λ between the entropy S_i of the approximate de Sitter spacetime describing the inflationary phase, and the inflaton vacuum energy Λ_i. From this relation, we would infer that high scale inflation is extremely improbable, since the statistical probability P is ∝ e^{Si} .

It is important to note that all these arguments, which eventually lead to paradoxes and counterintuitive results, are statistical in nature and assume an equilibrium ensemble of initial inflationary patches. Many suggestions have been put forth [12, 13, 14] to resolve this problem, but they all appear to lead to paradoxes when the state of the universe is evolved forward in time, especially if the endpoint of this evolution is a second DeSitter state in the far future.

Our view is that the assumption of statistical equilibrium is not warranted in this setting. In particular, the fact that gravitational systems have negative specific heat makes equilibrium difficult, if not impossible to achieve. Dynamics must dictate whether high scale inflation will occur or not. A more reasonable approach to the question of inflationary initial conditions would be a dynamical one.

We exhibit such a dynamical mechanism in this work. The inclusion of the backreaction due to the quantum fluctuations of scalar perturbations gives rise to instabilities that render most of the inflationary patches unstable against gravitational collapse of super-horizon modes. This has the effect of dynamically reducing the allowed phase space of stable inflationary patches. This is essentially a Jeans instability effect, arising from the generation of tachyonic modes by the backreaction of the perturbations in Wheeler-deWitt (WdW) Master equation. We can then trace out the modes corresponding to collapsing patches to construct a reduced density matrix ρ_{red} for the patches that survive and enter an inflationary phase and use this to show explicitly that if Ĥ is the Hamiltonian of the

2 system, [ Ĥ, ρ_{red} ] ≠ 0. This would imply that the initial states allowing for inflation do not form an equilibrium ensemble.

This analysis can also be tied into current efforts[8, 15] to select appropriate vacua from the landscape of string vacua. We do this by taking the landscape as the configuration space for the wavefunction of the Universe so that the landscape minisuperspace can be thought of as the phase space of the initial conditions for the universe. In this construction, the minisuperspace of 3-geometries and string vacua is a real physical configuration space for the initial conditions, rather than an abstract metauniverse of unknown structure and unknown distribution of initial patches[6, 7].

Our results have a number of implications that we will discuss in [4]. In particular, to the question of the viability of casual patch physics, its implications for holography, the N-bound proposal and Poincare recurrences.

Our plan of action will be first to represent as closely as possible what is known of the landscape vacua degrees of freedom distribution [16, 17] and to construct wavepacket solutions of the WdW equation that correspond to classical trajectories of the universes on the landscape. Next, we will perturb the landscape degrees of freedom along with the metric of 3-geometries and include their backreaction on the WdW equation. This will leads us to a Master equation for the probability distribution of vacua on the landscape. From this we will be able to infer the likelihood of inflationary initial conditions.

In the next section we discuss the model for the string landscape that we will use in the sequel. Sec. III deals with the construction of the wavefunction of the Universe and its associated Wheeler-de Witt equation on our model of the landscape. After setting up the wavefunction, we turn to the issue of the backreaction of the massive modes in Sec. III A and how they affect the evolution of the wavefunction. The dynamical selection mechanism is dealt with in Sec. IV and we conclude in Sec. V.

II. A MODEL OF THE STRINGY LANDSCAPE

As stated above, our goal is to investigate the dynamics of the wavefunction of the Universe defined on the string landscape. Given that we do not yet have as thorough a grasp on the structure of the landscape as we would like, we have to find a way to capture the features of the landscape that might be important for discussing inflationary initial conditions.

We can do this in the following way. In Ref. [6, 7] the landscape was treated as a disordered lattice of vacua, where each of the N sites is labelled by a mean value ϕ_i, i = 1, . . . N of moduli fields. This allows us to use Random Matrix Theory (RMT) [18, 19, 20, 21] as well as other results from condensed matter systems. Each site has its own internal structure, consisting of closely spaced resonances around the central value. The disordering of the lattice is enforced via a stochastic distribution of mean ground state energy density ϵ_i, i = 1 . . . N of each site.

These energies are drawn from the interval [−W, +W ], where W ∼ M^4_{Planck} with a Gaussian distribution with width (disorder strength) Γ: M^8_{SUSY} ≲ Γ ≲ M^8_{Planck}, where M_{SUSY} is the SUSY breaking scale.

Quantum tunneling to other sites is always present which allows the wavefunction to spread from site to site. Together with the stochastic distribution of sites this ensures the Anderson localization[22] of wavepackets around some vacuum site, at least for all the energy levels up to the disorder strength. This localization forces the wavefunction to remain within the non-SUSY sector of the landscape[6]. The energy density of the Anderson localized wavepacket is ϵ_i = |Λ_i +iγ|, where Λ_i is the vacuum energy density contribution to the site energy ϵ_i and γ = l^{−1}l^{−3}_p , where l is the mean localization length and l_p is the fundamental length of the lattice, which we will be take to be the Planck/string length. For large enough values of the disorder strength Γ, the majority of the levels are localized so that a semiclassical treatment of their classical trajectories in configuration space is justifed.

To add gravity to this picture, we start by making use of the minisuperspace approximation, in which the scale factor a of closed or flat 3-geometries is added as a dynamical variable upon which the wavefunction will depend. In later sections, we will go beyond this approximation and add both metric and matter perturbations into the mix.

As pointed out by Douglas et al [16], based on the two symmetries of this lattice, namely time-reversal invariance and rotation invariance, this sytem would fall in the same universality class as the CI-type class studied in Ref.[17] for quantum dots and random disordered systems. However, in order to deal with realistic cosmologies, we include the scale factor a of the 3-geometries as the gravitational degree of freedom, besides the landscape space of vacua which then breaks the time-invariance symmetry considered in Ref. [16]. The scale factor a plays the role of an intrinsic time and the WdW equation for the wavefunction of the universe becomes manifestly asymmetric with respect to a. This has the implication that landscape plus gravity minisuperspace falls in the universality class of random lattices with broken time-invariance but with unbroken rotation-symmetry, which is the C-class of Ref.[17].

In this picture, each site is a potential starting point for the universe since Anderson localization can occur in any of them. For this reason, the ensemble of sites, i.e the landscape minisuperspace is equivalent to the phase space of the initial conditions for the universe.

Let us review some of the basic features of the RMT formalism, since this is one of the main tools we use to analyze the wave function of the Universe in our lattice picture of the landscape. The random matrix theory is achieved by taking many different realizations of the random potential of vacuum energies on the landscape. The mean averaged localization length l of the wavefunction is obtained from the exponential decay of the retarded Green’s function and given by the ensemble average of the norm of the retarded

Green’s function G^{−1}_R : l L = 1 π ⟨1 | ln || G^{−1}(ϕ_i; ϕ_j ) ||| N⟩ ≃ 2W < ϵ_i > Γ , (2.1) where L ≃ Nl_p is the size of the landscape sector.

The single-particle averaged density of states can be obtained from the imaginary part of the advanced Green’s function G_{A,jj} , through the expression π ρ(ϵ) = ⟨1|ImG_A|N⟩ . Note that G_{A,jj} has poles at |ϵ_j | = |Λ_j − i^{Γj}_{ϵj} |. Using RMT we can also write ρ(ϵ) = 1 N ⟨Trδ(ϵ − H(ϕ))⟩_{Hϕ} = 1 Nπ ∫ D(Ĥ_ϕ)P (Ĥ_ϕ)Im(G_A). (2.2)

As discussed above, the non-SUSY sector of the landscape, with gravity switched on, belongs in the type C universality class. This allows us to write the joint probability distribution for the density of states as [17]:

P (⟨Ĥ(ϕ)⟩) = P (ω^2) ≈ M^{−8}_P ∏ i≤j (ω^2_i −ω^2_j )^2 ∏ k ω^2_k e^{− ω} 2 k v2 . (2.3) where ϵ_i = ω^2_i . In the limit that the energy level spacing is less than b = v √ M, where M is the number of the internal degrees of freedom/sublevels in the i’th vacuum, (the closely spaced string resonances around the i’th vacua), this result goes to the familiar Wigner-Dyson result of random disordered systems, P (⟨Ĥ(ϕ)⟩ = ω^2) ≈ ω^2. We also see that for large energies, P ≈ (ω^2 +γ−v^2)e^{−ω2(1/v2 +l)}.

The single-particle density of states ρ(ω) = ⟨Trδ(ω^2 − H(ϕ))⟩, obtained by integrating the above joint probability with respect to ω, behaves as ρ(ω) ∝ M^{−8}_P (1 −

sin(lω^2)/lω^2) e^{− ω2}v^2 (Fig.1). When time reversal symmetry, given by the operation ϵ → −ϵ, is broken, then

ρ(ω) ≃ (1 + sin(lω^2)/lω^2) e^{− ω2}v^2 (Fig.2).

The 2-point correlation function for level-level mixing, ⟨ρ(ω)ρ(ω^′)⟩, which can be similarly obtained by the above averaging procedure with respect to the weight P (ω), goes to the Wigner-Dyson result for disordered systems,⟨ρ(ω)ρ(ω^′)⟩ ≃ − sin^2(πlω^2)/(πlω^2)^2.

These are all the results from RMT that we will need in the sequel. Naively, Fig.2 would imply that the most probable universe is the one residing around vacua with zero energy. This will change once the decoherence and backreaction effects of matter on the geometry are included.

III. QUANTUM COSMOLOGY AND WHEELER-DEWITT EQUATION

It becomes clear that we need to study the quantum dynamics of gravity in combination with matter if want to address the issue of high energy inflation. In order to make any progress, we restrict the number of degrees of freedom

FIG. 1: Density of states as a function of energy for the landscape system as derived from the Douglas and Altland probability distribution. Time-reversal invariance is preserved, i.e. gravity is not switched on yet.

FIG. 2: Density of states as a function of energy for the landscape +gravity system, namely when time invariance is broken. Notice the difference with the previous distribution around zero energy, namely localized states exist at zero energy.

in the wave function of the Universe. This is usually done by invoking the minisuperspace approximation[23], where the wavefunction Ψ depends on the scale factor a(t), curvature κ = 0, ±1 of the FRW 3-geometries together with the landscape variables, collectively denoted by {ϕ} which will play the role of the massive modes in the Wheeler- DeWitt (WDW) equation.

The wave function of the universe Ψ for the Friedman- Roberston-Walker (FRW) 3-geometries propagates on the landscape background with the vacuum distribution described in the previous section and parametrized by the collective coordinates {ϕ} = {ϕ^n_i }. Here ϕ_i is the central value of landscape variable on vacuum site i = 0, 1, 2, ...N while n counts the internal degrees of freedom within the i’th vacuum. The internal degrees of freedom are closely spaced resonances^1 around the mean value ϕ_i, in the i’th vacuum site, within the energy range of the gaussian distribution of width v, n = 1, 2... We can think of n as counting the sublevels within the i’th energy level, and of the ϕ_1, ...ϕ_N as distinct energy levels.

Thus, our superspace consists of the infinite dimensional configuration space spanned by the variables (a, ϕ, f_n, d_n) where f_n and d_n denote the massive (ϕ) and massless (metric) perturbation modes.

Before including the perturbation modes, {f_n, d_n}, the Wheeler-DeWitt equation for the wavefunction of the universe propagating on the minisuperspace spanned by the landscape variable ϕ and the FRW 3-geometries with line element

ds^2 = −N^2dt^2 + a^2(t)dx^2, (3.1)

is [24, 25]

ĤΨ(a, ϕ) = 0 with

Ĥ = 1 2e^{3α} [ 4π 3M^2_p

∂^2 ∂α^2 − ∂^2 ∂ϕ^2 + V (α, ϕ) ] . (3.2)

Here the scale factor a has been written as a = e^α and V (α, ϕ) = e^{6α}m^2ϕ^2 − e^{4α}κ, κ = 0, 1 for flat or closed universes.

If we change variables from ϕ to x = e^{3α}ϕ, we can rewrite the WdW equation in two separate equations in x, α: Ψ(α, x) = Σ_j ψ_j (x)F_j (α) 3M^2_p 4π [ ∂^2 ∂x^2 − V (x) ] ψ_j (x) = ϵ̂_j ψ_j (x) − ∂^2 ∂α^2 F_j (α) = −ϵ̂_j F_j (α), (3.3)

where ϵ̂_j = e^{6α}ϵ_j .

The wavefunction Ψ(α, ϕ) will in general be a superposition of many waves. In order to build wavepackets that correspond to classical paths in configuration space, some form of decoherence has to occur. Usually, this requires a separation between “system” and “environmental” variables; tracing over the environmental variables converts the “system” into an open one and allows it to behave classically. For our model of the landscape, we will take the higher super-horizon wavelength massive and metric multipoles {f_n, d_n} to play the role of environmental variables. These modes couple with gravitational strength to the system Ψ(α, ϕ). This coupling is of order g ≃ GM/R with M ≈ O(M_{Jeans}) ≃ H and R ≈ r_H ≃ H^{−1} so that g ≃ H^2/M^2_P . This is usually very small so that we can treat the higher multipoles as environmental variables and trace them out perturbatively [26, 27].

1 L.Susskind, private communication

We now turn to the construction of wavepackets centered around a vacuum characterized by ϕ_i [28]. Using this wavepacket, we will then include the backreaction of the environment modes on this wavepacket. This will lead us from the WdW equation to a Master Equation for the wavefunction Ψ(α, ϕ).

When we specialize these results to our version of the landscape, we consider the rescaled variables x = e^{3α}ϕ, ω̃^2_k = e^{6α} ω^2_k and Eqns.3.3 lead to

Ĥ(x)ψ_j (x) = ϵ̂_j ψ_j (x) where

Ĥ(x) = 3M^{2p} 4π [ ∂^2 ∂x^2 − ω̃^2_k − γ) ]

∂^2 ∂α^2 F_j (α) + (ω̃^2_j − γ + κe^{4α})F_j = 0. (3.4)

The localized solutions ψ_j (x) around a vacuum site with energies centered around ω̃_j within the gaussian width v, are

ψ_j (x) ≃ sin(ω̃_j x) e^{− (x−x′ )l} . (3.5)

The wavepacket is a superposition of these solutions for the M internal degrees of freedom n = 1, ...M with energies peaked around the mean value of site x_j , ϵ_j , and amplitudes given by the Gaussian weight

A^j_n = l π √ Mv^2 e^{−(ω̃n−ω̃0)2 /(Mv2 )}, namely^2,

ψ(ω̃_j ) = ∫ n dω̃_nA_nψ_nF_n(α). Within the WKB approximation, the turning points of the wavepacket are at α = α_n where α_n is a solution of:

ϵ̃^2_n − κe^{4αn} = 0, (3.6)

which in turn leads to the following solutions to the WdW equation: F_j (α) ≈ 1 √ ϵ̃_n(α) e^{−i} ∫_α αn √_{ϵ̃n(α′)dα′} (3.7)

So, wave packets that are peaked around a level given by ϵ_n = ϵ_0 are constructed by the supersposition of the M internal degrees of freedom of the landscape vacua, with the Gaussian weight A_n given above (see Ref. [28] for details of the construction).

For the sake of illustration we can consider closed universes with κ = +1. Then

2 We will drop the index j that labels the site from now on, keeping only the index n that counts the internal degrees of freedom of the j’th site

Ψ_j (α, ϕ) = ∫_∞ −∞ A_k F_k(α)ψ_k (α, ϕ_j )dω̃_k (3.8)

Eqn. 3.8 shows that the inclusion of the internal degrees of freedom of vacuum ϕ_i results in a Gaussian wavepacket spread with width b^{−1} = (v √ M)^{−1}. The wavepacket solution around some vacua x_0 of the M internal oscillators with frequency levels ω̃^2_n = m_0a^3(2n + 1), where n is a positive integer and m_0 = V^{′′}_0 is the curvature of the vacua potential, and energies ϵ_n ∼ |ω̃^2_n ± iγ|, (where γ = l^{−1}) is

Ψ(x_0, α) ≃ ∫ dω e^{− ω2}b^2 sin(ω x_0)e^{−γ(x0−x)}e^{−iαω} = b √ π 2i e^{−γ(x0−x)} ( e^{− b24 (x0+α)2} − e^{− b24 (x0−α)2} ) . (3.9)

Tracing out the internal perturbation modes described by the index M results in the reduced density matrix ρ_{red} for the system (α, x) [27]: ρ_{red}(a, ϕ; a^′, ϕ^′) ∼ e^{− ΩclMl (a−a′)2} e^{−(b2− b} 4 4γ2 )^2 a^6(ϕ−ϕ^′)^2 .

(3.10) with Ω_{cl} = (m_0/M)^{1/2}, a = exp α and b the width defined above. We have ignored the contribution to the environment from the metric tensor perturbations d_n in the above treatment since they are expected to be small compared to the massive modes (see [26, 27]).

From the term depending on (a − a^′)^2 in Eq. 3.10, we see that the intrinsic time a of the wavepacket becomes classical first since the internal number of degrees of freedom M is large, while ϕ becomes classical later when the scale factor grows larger than the Gaussian width.

The reduced density matrix above indicates how well the mean value ϵ_i, ϕ_i can describe the vacuum site i when the energy levels broaden due to the internal fluctuation modes of ϕ_i. We expect the width b = v √ M to be at least of order SUSY breaking scale M_{susy}, in order to account for the SUSY breaking of the zero energy levels ω_k = 0. Since the Fourier transform of the above wavepacket is still a Gaussian with width inverse that of (x − x_0)^2, we need b^2 < 2γ or M_{susy} ≤ M_∗, in order to have a meaningfully centered energy for the wavepacket made up from all the closed resonances (the internal degrees of freedom M). However, this gives rise to a spreading of the wavepacket in the moduli space x. To classicalize the system, we need to include the higher multipoles as environmental variables. We turn to this in the next section.

A. Backreaction of Perturbations and the Master Equation

The moduli fields as well as the metric have fluctuations about their mean value and those fluctuations can serve to decohere the wavefunction[26]. This would then provide a classical probability distribution for scale factors and moduli fields. The procedure laid out in Ref.[26] starts by writing the metric and the moduli fields as

h_{ij} = a^2 (Ω_{ij} + ϵ_{ij} ) , ϕ = ϕ_0 + ∑ n f_n(a)Q_n, (3.11)

where Ω_{ij} is the FRW spatial metric, ϵ_{ij} is the metric perturbation (both scalar and tensor), Q_n are the scalar field harmonics in the unperturbed metric and f_n(a) are the massive mode perturbations. The index n is an integer for closed spatial sections, and k = n/a = ne^{−α} denotes the physical wavenumber of the mode. As stated in Ref.[26], the fact that the CMB fluctuations are so small means that we can neglect the effects of the metric perturbations in the following calculations relative to the field fluctuations.

The wavefunction is now a function Ψ = Ψ(a, ϕ, {f_n}). Inserting Eq.(3.11) into the action, yields Hamiltonians {H_n} for the fluctuation modes which, at quadratic order in the action, are decoupled from one another. The full quantized Hamiltonian Ĥ = Ĥ_0 + ∑ n Ĥ_n then acts on the wavefunction

Ψ ∼ Ψ_0(a, ϕ_0) ∏ n ψ_n(a, ϕ, f_n). (3.12)

Doing all this yields the master equation

Ĥ_0Ψ_0(a, ϕ_0) = ( − ∑ n ⟨Ĥ_n⟩ ) Ψ_0(a, ϕ_0), (3.13)

where the angular brackets denote expectation values in the wavefunction ψ_n and

Ĥ_n = − ∂^2 ∂f^2_n + e^{6α} ( m^2 + e^{−2α} ( n^2 − 1 )) f^2_n, (3.14)

IV. DYNAMICAL SELECTION OF INITIAL CONDITIONS IN THE PHASE SPACE OF INFLATIONARY PATCHES

Following Ref.[29] a time parameter t can be defined for WKB wavefunctions so that the equation for the perturbations ψ_n can be written as a Schrödinger equation. If S is the action for the mean values α, ϕ, define y ≡ (∂S/∂α) / (∂S/∂ϕ) ∼ α̇/ϕ̇, so that we can write:

ψ_n = e^{α2} exp ( i 3 2y ∂S ∂ϕ f^2_n ) ψ^{(0)}_n i ∂ψ^{(0)}_n ∂t = e^{−3α} { − 1 2 ∂^2 ∂f^2_n + U(α, ϕ)f^2_n } ψ^{(0)}_n U(α, ϕ) = e^{6α} { ( n^2 − 1 2 )e^{−2α} + m^2 2 + + 9m^2y^{−2}ϕ^2 − 6m^2y^{−1}ϕ } . (4.1)

During inflation, S ≈ −1/3 me^{3α}ϕ_{inf} , where ϕ_{inf} is the value of the field during inflation, so that y = 3ϕ_{inf} . Thus long wavelength matter fluctuations are amplified during inflation and driven away from their ground state. After inflation, when the wavepacket is in an oscillatory regime, y is large so that the potential U(α, ϕ) changes from U_−(α, ϕ) to U_+(α, ϕ), where U_±(α, ϕ) ∼ e^{6α} [ n^2 − 1 2 e^{−2α} ± m^2 2 ] . (4.2)

From Eq.(4.1) we see that during inflation, the patches that have U(α, ϕ) < 0, which can happen for small enough physical wave vector k_n = ne^{−α}, develop tachyonic instabilities due to the growth of perturbations: ψ_n ≃ e^{−μnα}e^{iμnϕ}, where −μ^2_n = U(α, ϕ)f^2_n. These trajectories in phase space cannot give rise to an inflationary universe, since they are damped in the intrinsic time α and so such modes do not contribute to the phase space of inflationary initial conditions. The damping of these wavefunctions is correlated with the tachyonic, Jeans-like instabilities of the corresponding mode f_n; when U(α, ϕ) < 0, f_n ∼ e^{±μnt}, while for U(α, ϕ) > 0, the long wavelength matter perturbations f_n are frozen in.

To see this more clearly, one can ask what happens to the massive perturbation f_n modes in real spacetime for such damped wavefunction solutions. The equation of motion for ϕ, f_n can be obtained by varying the action with respect to these variables. For the tachyonic case U < 0 universes, we have

f̈_n + 3Hḟ_n + U^± a^3_I f_n = 0, (4.3)

where the inflation scale factor is a_I = e^{3αI} and U_± denotes the potential/(tachyonic) mass term case, Eqn.4.2.

When U < 0 one obtains growing and decaying solution in spacetime roughly for f_n ≃ e^{±μt}. When U > 0 then the f_n are nearly frozen as in the standard perturbation theory case for superhubble wavelength modes.

This shows that, for damped universe solution in configuration space,with U < 0, Ψ ≃ e^{−μα}, the perturbation modes in real space f_n grow rapidly. This corresponds to a universe that is collapsing instead of inflating due to the backreaction of massive super-Hubble perturbations f_n which are coupled to the 3-geometry gravitationally via U(α, ϕ). Note that the super-Hubble modes are not adiabatic and they do not re-enter in their ground state but rather in a highly excited state. For the inflating initial patches of our universe solutions, the superhorizon wavelength perturbations f_n are nearly frozen, so we can ignore the energy corrections from the ḟ_n terms. Notice that the cross-terms have also been dropped in the master equation since during inflation they are subleading compared to the quadratic terms included[26, 27] with backreaction source term ϵ_n ≃ Ue^{6α}.

What we glean from all this is that the following: all initial inflationary patches, characterized by values of the scale factor a_{inf} and Hubble parameter h_{inf} ≡ √ 2/3πH_{inf} /M_{Planck} for which U < 0 will collapse due to the backreaction of the superhorizon modes satisfying k_n ≤ m. Since the backreaction effects due to modes with wavenumber n scale as a^{−2}, patches for which U > 0 will start to inflate and the backreaction effects will be inflated away. The surviving patches are then exactly those with

m^2ϕ^2_{inf} ≃ h^2_{inf} ≥ k^2_n = ( n a )_2 ≥ m^2 ⇒ ϕ_{inf} ≥ 1. (4.4)

We have achieved our goal, namely we have shown that the quantum dynamics of the backreacting modes scours the Universe clean of regions which cannot support inflation! This reduction in the phase space of inflationary initial conditions implies that gravitational dynamics does not conserve the volume of the phase space, i.e. Liouville’s theorem does not hold so that [ Ĥ, ρ_{red} ] ≠ 0.

The entropy can be obtained by taking the logarithm of the action above. However in order to simplify a rather messy expression for the action in our Master equation, let us take the limit and think of the massive modes f_n as collapsing into one black hole. Then we can write an approximate expression for the entropy S of the system of DeSitter patches together with the backreaction from the black hole (i.e. the massive modes), from our action including terms up to quadratic order. This expression reduces to the entropy obtained by [30] for Schwarschild-DeSitter geometries, with the identifications

S ≃ (r_I − r_{fn} )^2, r_I ≃ H^{−1}_I , r_{fn} ≃ H^{−3/2}_I ⟨ϕ_I √ U⟩. (4.5) where r_I denotes the De-Sitter horizon of the inflationary patches with Hubble parameter H_I and r_{fN} the horizon of the “black hole” made up from the f_n, where ⟨f_n⟩ ≃ ϕ_{inf} and we have ignored numerical factors next to r_I , r_{fn} have been ignored.

It is interesting that the U = 0 case, which can be thought of as a lower bound for the “survivor” patches, corresponds to the case of a zero entropy for the de Sitterblack hole system, i.e. when the surface gravity r^{−1}_I of the de Sitter patch coincides with that of the black hole, r^{−1}_{fn} . This means that a black hole with the same horizon as the initial inflationary patch is the borderline between the damped and survivor universes, so that the zero entropy situation provides a lower bound on the initial conditions h_{inf} , ϕ_{inf} for an inflationary patch to appear and evolve into our universe.

Note that in our model of the landscape as a stochastic lattice, the tracing out of the long wavelength fluctuations in the density matrix is encoded in the appearance of the mass scale, μ^2 = ⟨U_nf^2_n⟩ and the internal dynamics of the wavepacket is encoded in the interplay between the SUSY scale and the landscape scale ((l, b) or equivalently (M_{SUSY} , M_∗)) in the reduced density matrix: ρ = ∫ Ψ(α, ϕ, f_n)Ψ(α^′, ϕ^′, f^′_n) ∏ n df_ndf^′_n

≃ ρ_0e^− (aπ)6 H4μ2 (ϕ−ϕ′ )2 ϕ2inf

ρ_0 ≃ ⟨Ψ_0(α, ϕ)Ψ_0(α^′ϕ^′)⟩ ≃ e^{−MΩcl(a−a′ )2} e^{−ΩRa6(ϕ−ϕ′ )2} . (4.6)

Here 2Ω_R = b^2 − b^4/4γ, Ω_{cl} = √ m_0/M, where m_0 sets the scale for the frequency of the internal (resonance) oscillators and M is the number of internal states we traced out initially. We have exhibited a lower bound on the energy scale for inflation in survivor universes, Eq.(4.4). What happens if the initial fluctuation from the vacua minima ϕ_{inf} is much larger than its lower bound? This is a difficult question to address since ϕ_{inf} ≫ √ γ marks the breakdown of the semiclassical treatment. Nonetheless, we can extract some information by trying to extend our analysis to these cases. We’ve argued that for high scale inflation the backreaction of massive perturbations is negligible. Because of this, [Ĥ, ρ] ≈ 0 and arguments based on Poincare recurrence phenomena may hold if quantum mechanics is valid in this regime. But in this case, the Poincare recurrence time, T_{recurr} ≃ e^S is short so that these patches become quantum on times scales of order T_{recurr}. Demanding that recurrence time is as large as the age of the Universe, or equivalently that the broadening of this energy level δE = e^{−S} should be less the difference between energy levels δE ≪ γ provides an upper bound on the field values at which quantum entanglement occurs over long enough times such that it allows inflation to start. We conclude that for b^2 < Λ_{inf} < γ, the backreaction of the superhorizon modes included can be roughly approximated by Eq.(4.5).

V. DISCUSSION AND CONCLUSIONS

Why did the Universe start in a state of lower than anticipated entropy? Equivalently, how did high scale inflation occur? The key to answering these questions is to not be fooled by arguments based on equilibrium statisitical mechanics. In fact, it is exactly the non-equilibrium dynamics of superhorizon modes and their backreaction onto the mean values of a, ϕ that selects out the regions which inflate; patches that do not satisfy m < H_I , l < ϕ_I < b will recollapse. This non-equilibrium dynamics also leads to non-ergodic behavior in the phase space of initial conditions, as well as entanglement of states. This last is significant, since it implies that a holographic description of gravity during inflation may not be tenable. Our analysis also gives rise to questions about the applicability of the causal patch and N-bound approaches to inflation that we discuss in [6].

Despite having made use of a particular model of the landscape to arrive at our results we would argue that our results should have wider applicability. The landscape minisuperspace serves mostly to provide a concrete realization of our approach, specifically the scales M_∗, M_{SUSY} for the widths of the initial inflationary patches. The rest of the quantum cosmological calculation based on backreaction and the master equation is general and could be applied to any phase space for the initial conditions once its structure was known. What we have learned here is that any model of a universe containing both matter and gravity will exhibit this non-ergodic behavior driven by out-of-equilibrium dynamics. In fact, such universes will experience a superselection rule for the Initial Conditions. Since non-ergodicity compresses the volume V of phase space available to survivor universes, thereby lowering the entropy S ≃ log V of survivor universes, the low entropy from the reduction of phase space, for the survivor initial patches provides an explanation for the observed arrow of time in high scale inflation.

Is our model predictive? In a forthcoming paper[31] we will report how remnants of quantum entaglement between in and out modes, as represented by the cross-terms in the reduced density matrix, might be tested by cosmological observables such as nongaussianities in CMB and large scale structure.

Acknowledgments

R.H. was supported in part by DOE grant DE-FG03- 91-ER40682. LMH was suported in part by DOE grant DE-FG02-06ER41418 and NSF grant PHY-0553312.

[1] B. Freivogel and L. Susskind, “A framework for the landscape,” arXiv:hep-th/0408133. R. Bousso and J. Polchinski, “Quantization of four-form fluxes and dynamical neutralization of the JHEP 0006, 006 (2000) [arXiv:hep-th/0004134]. T. Banks, M. Dine and E. Gorbatov, “Is there a string theory landscape?,” JHEP 0408, 058 (2004) [arXiv:hep-th/0309170].

M. Dine, E. Gorbatov and S. Thomas, “Low energy supersymmetry from the landscape,” arXiv:hep-th/0407043. M. R. Douglas, “The statistics of string / M theory vacua,” JHEP 0305, 046 (2003) [arXiv:hep-th/0303194]. F. Denef, M. R. Douglas and B. Florea, “Building a better racetrack,” JHEP 0406, 034 (2004) [arXiv:hep-th/0404257]. M. R. Douglas, “Statistical analysis of the supersymmetry breaking scale,” arXiv:hep-th/0405279.

M. R. Douglas, “Basic results in vacuum statistics,” arXiv:hep-th/0409207.

[2] L. Susskind, “The anthropic landscape of string theory,” arXiv:hep-th/0302219.

L. Susskind, “Supersymmetry breaking in the anthropic landscape,” arXiv:hep-th/0405189.

[3] Nima Arkani-Hamed, Savas Dimopoulos, Shamit Kachru,”Predictive Landscapes and New Physics at TeV“, [arXiv: hep-th/0501082] (2005).

[4] R. Holman and L. Mersini-Houghton, [arXiv:hep-th/0512070].

[5] L. Mersini-Houghton, [arXiv:hep-th/0512304]. [6] L. Mersini-Houghton, Class. Quant. Grav 22, 3481 (2005), [arXiv: hep-th/0504026].

[7] A. Kobakhidze and L. Mersini-Houghton, “Birth of the universe from the landscape of string theory,” [arXiv:hep-th/0410213].

[8] H. Firouzjahi, S. Sarangi and S. H. Tye, JHEP 0409, 060 (2004), [arXiv:hep-th/0406107]; S. Sarangi and S. H. Tye,

[arXiv:hep-th/0505104].

[9] R. Holman and L. Mersini-Houghton, [arXiv:hep-th/0511112].

[10] Spergel et al., Wilkinson Microwave Anisotropy Probe (WMAP) Three Year Results: Implications for Cosmology, http://lambda.gsfc.nasa.gov/product/map (2006).

[11] S. Hannestad and L. Mersini-Houghton, Phys.

Rev. D 71,123504 (2005); L. Mersini-Houghton, [arXiv:hep-th/0510101].

[12] R. Bousso, JHEP 0011, 038 (2000), [arXiv:hep-th/0010252]; R. Bousso, A. Maloney and A. Strominger, Phys. Rev. D 65, 104039 (2002), [arXiv:hep-th/0112218];

N. Goher, M. Kleban and L. Susskind, JHEP 0307, 056 (2003), [arXiv:hep-th/0212209];

N. Kaloper, M. Kleban, A. Lawrence, S.Shenker and L. Susskind, JHEP 0211, 037 (2002), [arXiv:hep-th/0209231].

[13] B. Freivogel, V. E. Hubeny, A. Maloney, R. Myers, M. Rangamani and S. Shenker, [arXiv:hep-th/0510046]; S. M. Carroll and J. Chen, [arXiv:hep-th/0410270].

[14] A. Albrecht and L. Sorbo, Phys. Rev. D 70, 063528 (2004), [arXiv:hep-th/0405270].

[15] See for example R. Brustein and S. P. de Alwis [arXiv:hep-th/0511093], Qing-Guo Huang [arXiv:hep-th/0510219, hep-th/0512004], S. Hsu and B. M. Murray,[arXiv:hep-th/0512033].

[16] F. Denef and M. R. Douglas, JHEP 0503, 061 (2005),[arXiv:hep-th/0411183].

[17] A. Altland and M. R. Zirnbauer, Phys. Rev. B55, 1142 (1997).

[18] E. P. Wigner, Ann. Math. 53, 36(1951); L. M Mehta, Random Matrices, Academic Press, San Diego(1991); F. J. Dyson, J. Math. Phys. 3,140,157,166 (1962).

[19] A. Altland, B. D. Simons, M. R. Zirnbauer, Phys. Rep. 359,

283,(2002); A. Altland, B. D. Simons, D. Taras-Semchuk, Adv. Phys. 49,321(2004); B. L. Altshuler, V. E. Kravtsov, I. V. Lerner,Phys. Lett. A 134, 488 (1989).

[20] F. Wegner, Z. Phys. B 35, 207 (1979); J. J. M. Verbaarschot, H. A.Weidenmuller, M. R. Zirnbauer, Phys. Rep. 129, 367 (1985); A. Altland, M. R. Zirnbauer, Phys. Rev. B55, 1142 (1997).

[21] K. B. Efetov, [arXiv:cond-mat/0502322]; K. B. Efetov, Supersymmetry in Disorder and Chaos, Cambridge University Press (1997); K. B. Efetov, Adv.Phys.32: 53-127 (1983).

[22] P. W. Anderson,Phys. Rev. 109,1492 (1958). [23] Bryce S. DeWitt “Quantum Theory of Gravity. I. The Canonical Theory”, Phys. Rev. 160, 1113 (1967).

[24] E. Joos, H. D. Zeh, C. Kiefer, D. Giulini, J. Kupsch and I- O. Stamatescu, Decoherence and the Appearance of a Classical World in Quantum Theory, 2’nd Ed, (Springer, Berlin, 2003), www.decoherence.de.

[25] D. L. Wiltshire, “An introduction to quantum cosmology,” [arXiv:gr-qc/0101003]; T. Vachaspati and A. Vilenkin, Phys. Rev. D 37, 898 (1988); A. Vilenkin, Phys. Rev. D 50, 2581 (1994) [arXiv:gr-qc/9403010] and references therein.

[26] J. J. Halliwell and S. W. Hawking, Phys. Rev. . D 31 8, (1985).

[27] C. Kiefer Class. Quant. Grav. 4 (1987) 1369. [28] C. Kiefer, Phys. Rev. D. 38 6, (1988). [29] C. Kiefer Class. Quant. Grav. 4, (1987) 1369. [30] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15 2738 (1977).

[31] R. Holman and L. Mersini Houghton, T. Takahashi, “Cosmological Avatars of the Landscape I; Bracketing the SUSY breaking scale”, arXiV: hep-th/0611223; “Cosmological Avatars of the Landscape II; Imprints on the CMB and Large Scale Structure” (in preparation) (2006).