arXiv:gr-qc/0609006v2 20 Apr 2007

The Arrow of Time Forbids a Positive Cosmological Constant Λ

L. Mersini-Houghton^∗ Department of Physics and Astronomy, UNC-Chapel Hill, NC, 27599-3255, USA (Dated: April 23, 2007)

Motivated by the mounting evidence for dark energy, here we explore the consequences of a fundamental cosmological constant Λ for our universe. We show that when the gravitational entropy of a pure DeSitter state ultimately wins over matter, then the thermodynamic arrow of time in our universe must reverse in scales of order a Hubble time. We find that due to the dynamics of gravity and nonlocal entanglement, a finite size system such as a DeSitter patch with horizon size H^{−1}_0 has a finite lifetime Δt. This phenomenon arises from the dynamic gravitational instabilities that develop during a DeSitter epoch and turn catastrophic. A reversed arrow of time is clearly in disagreement with observations. Thus we are led to conclude: Nature forbids a fundamental Λ. Or else general relativity must be modified in the IR regime when Λ dominates the expansion of the Universe.

PACS numbers: 98.80.Qc, 11.25.Wx

We live in a world that has an arrow of time. The second law of thermodynamics states that the Universe must have started in an extremely low entropy state. Low entropy states are but a small subset of the general phase space for the initial conditions. Penrose argued that this seems to make the choice of our Initial Conditions very special indeed. The loophole in the above argument lies on eliminating the possibility of some dynamic selection being at work. Statistical mechanics estimates, often used in literature, can quantify the Penrose statement: the probability to have an initial patch inflate at some high energy scale Λ_i goes as P ≃ e^{Si} where the entropy S_i = 3/Λ_i. This expression indicates that a GUT scale inflating patch like ours, is the most special and unlikely event to have started the universe, as likely as 1 part in 10^{10123} . Yet without this low entropy we can’t explain the observed arrow of time.

In [13] we proposed a new approach, based on the quantum dynamics of the gravitational degrees of freedom (D.o.F), for the investigation of the Initial Conditions. We showed how the dynamics of the combined, matter +gravity system, is out-of equilibrium and how this breaks ergodicity. The compression of the phase space into only a small region of initial conditions corresponding to low entropy and high energy inflation resulted in the emergence of a new superselection rule for Initial Conditions. The superselection of high energy patches from the non-ergodic phase space helped us understand why we have to start from extremely low entropies, thereby with an arrow of time.

Let us briefly highlight the dynamics of the combined system below as it becomes relevant again for the late time accelerating Universe. The basic mechanism that picks out the high energy ’corner’ in the phase space is the following: gravitational D.o.F, here corresponding to the degrees of freedom on the DeSitter horizon H_0 ≃ √ Λ, comprise a ’negative heat capacity’ system, therefore gravity tries to reach equlibrium by tending the spacetime to infinity; matter is a ’positive heat capacity’ system and thus goes towards equilibrium by collapsing; the dynamics of the combined system, matter +gravitational D.o.F, is an out-of equlibrium system with two opposing tendencies ’fighting’ to expand or collapse the patch, which, depending upon which one wins, can result in a collapsing initial patch, thus creating irrelevant Initial Conditions for starting a universe or, if gravity ’wins’ in an expanding initial patch which result in a physically relevant Initial Condition that gives birth to a universe. We belong in the latter, the ’survivor universes’ case. The entropy of the ’survivor universes’ given by the Euclidean action of the system, is modified by gravity and in fact even less than its equilibrium expression, due to the out-of equilibrium dynamics. Entropy is given roughly by log of the volume in phase space. The modified entropy is then a direct consequence of the reduction of the relevant phase space to a small ’corner’ of its initial volume that contains the ’survivor universes’ only.

It is possible that our Universe may be going through inflation again at late times. If true, then the dynamics of the gravitational degrees of freedom is expected to play a major role again at late times. Within the framework of our proposal that becomes relevant in this case as here, we would like to ask: What is the ultimate state of such Λ-universe and can it achieve equilibrium?

Current astrophysical observations provide convincing evidence that our universe is indeed accelerating again at recent times, this time at an energy scale Λ ≃ (10^{−3}eV )^4. Determining whether a pure vacuum energy Λ or some dynamic mechanism is at work is of paramount importance and intrinsically related to understanding and predicting the future evolution of our universe. But, it is well known that cosmological observables are observer dependent. Thus we need to define our observer. A key point to keep in mind is that in order to meaningfully ask questions about the selection of our Initial and Boundary Conditions, quantum numbers or constants of nature, we need to rely on a super-observer, defined as the one that lives in the multiverse of the landscape or equivalently in the allowed relevant part of the phase space. In short we need an out-of-our box observer in order to compare posssible choices[14, 25, 31]. A local internal observer, defined as the one bound to our casual patch (’box’), is always surrounded by the horizon thus (s)he can never observe or be aware of the existence of other patches outside the horizon. It is impossible for the internal observer to ask questions about the selection of our initial and final conditions and our constants of nature because (s)he is forbidden to ever know that possibilities other the universe (s)he observes, may exist. Using the higher multipoles as the super-observer, in this letter we explore the implications of the proposal in [13] for the late time acceleration of the universe.

We show below how the final destiny of a DeSitter universe is to become quantum again, roughly in times of order Hubble time, thereby reversing its thermodynamic arrow of time at the turning point of its classical trajectory. We will refer to the transition to a quantum state as recoherence of the wavepacket. The details of the quantum state near the turning point depend on the boundary conditions chosen for the wavefunction which are important for the puzzle of the agreement between a thermodynamic and a cosmological arrow of time.We do not embark upon this puzzle here.The key point in this work is the fact that the Universe becomes quantum while it is trying to reach the thermal equilibrium of a pure classical DeSitter state and thus it never reaches this equilibrium. We investigate how the universe transits into the quantum state when it approaches a pure DeSitter state and how this transition affects the thermodynamic arrow of time. We argue on these basis that within the framework of general relativity as the theory of gravity, nature forbids the existence of Desitter spaces, i.e of a pure fundamental constant Λ. We then speculate in the discussion section that that leaves us either with the possibility of a temporary bleep of acceleration due to some dynamic [27] or transplanckian [26] mechanism or, to the conclusion: if we must have Λ then we must have a new theory of gravity in the IR regime which replaces general relativity [28].

THERMODYNAMIC ARROW OF TIME DOES NOT ALLOW DESITTER SPACE

Suppose we do have a new fundamental scale at low energies in our Universe, the DeSitter horizon H_0 ≃ √ 3/Λ, given by a pure vacuum energy Λ ≃ (10^{−3}eV )^4. Observations will soon pin down the equation of state w for dark energy, thus distinguishing between a pure Λ and a dynamical mechanism. Observationally we also know and agree that we have an arrow of time, pointing from past to future, determined by the direction of the entropy growth. What does the constant horizon entropy of the final state of the ΛCDM universe imply for the arrow of time and ultimately for the DeSitter universe?

Based on the assumption that dark energy is a fundamental Λ, it seems that we ultimately must end in a DeSitter space. Gravity ultimately wins [5] for the following reason:in contrast to the entropy of DeSitter space which remains eternally a finite constant, not only does matter dilute with time, [32] but, as we accelerate, parts of our spacetime lose causal contact with each other, swallowing matter with them. Ad infinitum we lose all the matter from our universe in this manner and the entropy contribution associated with it. Ultimately the only entropy component left is the gravitational one associated with the DeSitter horizon. Unlike Black Holes, a DeSitter horizon does not evaporate away. Matter provides the environment that ensured decoherence, thus the Gaussian suppression of width Ω_R^{−1} in the off-diagonal elements of the density matrix ρ, ([2, 4, 15], see also Eq.12), which describe how fast our (patch) vacua ϕ decoheres and becomes classical, ρ ≃ e^{−ΩRa4(ϕ−ϕ′)2} . Decoherence and the appearance of a classical world comes about from the backreaction of the environment on our branch of the wavefunction Ψ(a, ϕ). Losing causal contact with matter seems to imply that we reach thermal equilibrium by evolving in a pure DeSitter state since we lose the environment and the coarse-grained entropy growth provided by it. This reasoning implies that the energy level in phase space for our DeSitter universe should broaden. Since the DeSitter horizon H_0 classically is a constant then at the classical level so is its entropy, constant and finite. But the thermodynamic arrow of time is determined by the entropy growth. At the classical level, it is not clear at all what happens to the arrow of time during an eternal DeSitter epoch when its classical entropy remains a constant. These paradoxes indicate that we must search for an answer not at the classical level but by investigating the quantum dynamics of the gravitational degrees of freedom of the system.

We showed in [13] that during an inflationary phase higher multipoles develop gravitational Jeans -like instabilities which illustrates the importance of the dynamics of gravitational degrees of freedom. The entropy of the universe is lowered in the combined matter+gravity inflating system. At early time, only patches inflating at high energies Λ_i, survived this instability. We discussed in [13, 14] how the mixing in the initial state must survive at late times,due to unitarity, (see also [12]). The reduced density matrix obtained by integrating out the environment and superHubble matter modes, gave a scale of mixing and decoherence for our patch at initial times. It also provided us with the evolution equation of this mixing/coherence length at late times namely, [Ĥ, ρ] = i^{dρ}_{dt} . The initial decoherence width described how fast the quantum to classical transition for our universe occurred at early times. The fact that the density matrix evolves with time [H, ρ_r] ≠ 0, [13, 14] illustrates why, with gravity switched on, we should not be tempted to use equlibrium expression like P ≃ e^S_E again, and why we can not use causal patch observers for investigating this problem. The universe is in a mixed state and out-of equilibrium even at late times. How can it evolve to a pure state to reach equilibrium?

Classically, the ultimate destiny of the Λ universe is a cold DeSitter space in thermal equilibrium, with finite final entropy S ≃ 3/Λ. Can an ultimate pure state be allowed for the DeSitter space? The environment in our investigation of the dynamics of matter +gravity D.o.F., is made of the matter modes within our casual patch as well as the backreaction of higher multipoles with superHubble wavelengths. By losing matter inside our casual patch means we are losing part of the environment, which is very important in providing the Gaussian suppression for the offdiagonal elements of ρ_r that ensure decoherence and a classical world. Gravity winning over matter seems to imply that we are evolving into a pure state, rather than a mixed state on the landscape phase space. But, if we assume a unitary evolution, we can not evolve in a pure state. Perhaps, even with matter gone,some degree of mixing must remain. This entanglement can come only from interaction with superhorizon modes, i.e. from ’out-of-the box’. In fact it does. In the DeSitter stage, the environment comes from the entanglement and interaction of our DeSitter patch with the higher multipoles[13]. The dynamics of this mixed state is highly nontrivial and we set to explore it below.

Many authors have discussed the discrepancies and apparent paradoxes that arise from a finite DeSitter entropy in the final state of the universe. In [6, 7, 8, 11] authors point out that a finite entropy implies a finite size Hilbert space which is incompatible with DeSitter symmetries SO(d, 1). Meanwhile in [20] by geometric arguments, authors realized that DeSitter space may be unstable, in accord with our results in [13, 14]. Authors of [7] then argued that perhaps DeSitter state is metastable on the landscape and it either goes through a Poincarre cycle or tunnels to lower energy vacua. The decay time for tunneling to lower states T_f seems shorter than the recurrence time T_r, T_f ≃ e^{So−Sf} << T_r ≃ e^S , where S_o is the vacua entropy and S_f the fluctuation entropy that would take the state to the top of the potential and allow it to roll the other way into the lower energy vacua. This picture fits well with eternal inflation where many pocket universes at different energies are created and transition among them possible. The possiblity that a DeSitter state is not eternal but rather metastable due to tunneling to lower energy states, is certainly plausible.

But, even if it sounds unlikely, what if Λ is a globally fundamental scale, i.e suppose that this DeSitter state has no other lower state to tunnel to? What then?

Let us show that even without tunneling, a DeSitter state is not just metastable, but gravitationally it is a catastrophically unstable state. We show here that even before it becomes metastable from tunneling, the growth of gravitational instabilities force the DeSitter patch to reverse its arrow of time by hitting a turning point in its trajectory in phase space. We show this phenomenon occurs in time scales of order roughly horizon scale, T_{crunch} ≃ √ Λ which is exponentially shorter that tunneling time T_f .This result would be in huge disagreement with observations. We do not observe a reversal of the arrow of time in our DeSitter universe, in time scales of the order of the age of our universe.

Big Crunch Through Recoherence or a New Exclusion Principle?

Suppose we are in the far future where we have lost almost all matter contact from our casual patch. As we discussed above, the only environment we are left with now comes from the backreaction of the super- Hubble matter modes, i.e matter fluctuations of order DeSitter horizon H_0 or larger. We would like to know the evolution of the wavefunction for our universe, and the evolution of the density matrix. The latter will describe the effect of the interaction of superhorizon modes on our DeSitter geometry.Proceeding as in [13], let us assume that within the WKB approximation, the wavefunction is given by, Ψ[a, f_n, ϕ] ≃ e^S_E, Ψ = Ψ_oΠ_nψ_n, S ≃ S_0 + Σ_nS_n^1_2 f^2_n where fluctuations f_n correspond to an expansion around zero of the matter field ϕ = ϕ(0) + Σ_nf_n(a)Q_n(x), which can be written as

Ψ ∼ Ψ_0(a, ϕ_0) ∏ n ψ_n(a, ϕ_0, f_n). (1)

The Wheeler-DeWitt Master Equation, that includes the backreaction Ĥ_n of matter higher multipoles f_n [33] is obtained from the quantized Hamiltonian

Ĥ = Ĥ_0 + ∑ n Ĥ_n (2)

acting on the wavefunction, [2, 3]

Ĥ_0Ψ(a, ϕ_0) = ( − ∑ n ⟨Ĥ_n⟩ ) Ψ(a, ϕ_0), (3)

where the angular brackets denote expectation values in the wavefunction ψ_n and Ĥ_n denotes the backreaction correction from interaction with the superhorizon fluctuations f_n. The potential term of the backreaction corrections during a nearly DeSitter phase [2, 13],calculated from the inhomogenous matter perturbations in [3],to second order, is U_±(α, ϕ) ∼ e^{6α} [ n^2 − 1 2 e^{−2α} ± m^2 2 ] . , with m^2 ≃ √ Λ at present and U_± sign corresponding to the interaction coming from subHubble(+) or superhorizon(-) multipoles respectively, as summarized in the Appendix. During the DeSitter stage the backreaction energy density < Uf^2_n > becomes negative, U = U_−, since our environment contains only the modes with wavenumber n ≤ aH_0 i.e with superhorizon wavelengths[4, 13]. The index 0 refers to present day values and H_0 ≃ √ Λ is the present De- Sitter Hubble constant, with a the scale factor. This negative contribution yields an oscillatory correction to the action and it gives rise to tachyonic fluctuations in Eq.3. The backreaction hamiltonian, during the DeSitter stage with curvature Λ, is roughly

2e^{3α}Ĥ_n = −

∂^2 ∂f^2_n + e^{6α} ( − √ Λ + e^{−2α} ( n^2 − 1 )) f^2_n, (4) with α = Log[a], Ĥ_n ≃ Σ_nU_nf^2_n where matter fluctuations < f^2_n >= O(H_0). During the matter dominated phase the superhorizon modes are nearly frozen thus their kinetic term contribution can be ignored. During the DeSitter phase with vacuum energy Λ, our environment consisting of superhorizon matter fluctuations, contributes a negative backreaction, f^2_nU_n = −( √ Λ − n^2/a^2)f^2_n, as can be seen from the expression that U_n < 0 is negative for the superhorizon higher multipoles n ≤ aH_0, [4, 13]. This negative contribution drives the the gravitational instability of the massive superhorizon size modes f_n, that is, during the DeSitter stage f_n modes start growing exponentially with time, (see the Appendix and [13] for the f_n equation of motion).

The correction term Ψ_n to the wavefunction satisfies the following equation i ∂Ψ_n ∂t = Ĥ_nΨ_n (5)

which for the modes n ≤ aH_0 with H_0 our present DeSitter horizon, and U_n < 0 gives a solution of the form, Ψ_n ≃ e^{− 12 f 2nSn(a)} where, the WKB 2nd order correction term to the action is S_n ≃ i ∫ a^3U_n^{dln(a)}_H .

Since U_n < 0 and S_n is not real in this regime, then this correction breaks the finitiness condition [34].

Perhaps a better way to see the role of the superhorizon size nonlocal entanglement of our DeSitter patch with f_n, or equivalently in the phase space description, the effect of the backreaction term on the classical path of the wavefunction is by integrating out the Friedman-like equation which includes the entanglement term. This equation is obtained from the generalized hamiltonian in the Master Equation Eq.2, which contains the backreaction energy, Σ_nĤ_n

3M^2_p ȧ^2 − Λa^2 + aH^3_0 = 0 (6)

where Λ = 3M^2_p H^2_0 . The last term comes from the backreaction of the higher multipoles k = n/a ≤ H_0 thus it is negative during the DeSitter stage as explained above. A rough estimate is obtained by summing over all the superhorizon modes, Σ^0_{aH0} < Ĥ_n >, where Σ^0_{k=n/a=Ho} (n/a)^2dnf^2_n ≃ aH^3_0 .(Below we take 8πG_N = 1 unless explicitly stated). From Eq.6 we can see that our classical trajectory reaches a turning point in phase space, ȧ_∗ = 0, during a finite time a_∗ given by

a^2_∗Λ = a_∗H^3_0 , a_∗ = √ Λ (7)

This means that due to the gravitational instability developed by the tachyonic superHubble modes, U_n < 0, our DeSitter space goes through a crunch in real spacetime or a turning point in phase space in a time given by the condition a_∗ = O(H_o). Solutions to Eqn.6 allow us to estimate the time, t, that the transition takes to go, from the regime of a classical large Λ dominated DeSitter universe with scale factor a and Hubble expansion, H_0, to the quantum regime of the Universe as it approaches the crunching turning point, where the scale factor,a → a_∗ becomes very small and the Hubble expansion rate, ȧ → ȧ_∗ = 0 approaches zero. This solution is

a(t) = (

H^3_0 Λ )Cosh^2[ 1 2 H_0(t − t_∗)] (8)

Clearly when t → t_∗ we have a → a_∗, i.the universe’s scale factor is reducing to a very small size and the turning point is approached at time t_∗. Prior to the instabilities growth, in the regime where the universe is a classical Λ dominated DeSitter space i.e. for t ≪ t_∗, we see that the scale factor a is nearly exponentially large and, corresponding to that of a large DeSitter space. We can readily estimate from our solution, Eq.8 that the time Δt = (t − t_∗) the Universe takes to transit from a large classical regime with size given by the Hubble radius,a = r_{H0} , to a small quantum regime a = a_∗ is Δt ≃^{122}_{H0} , roughly about 122 times the De- Sitter Hubble time.This is an amazing result, nothing short of an uncertainty principle! In this work, by taking into account the quantum dynamics of gravity, Eqn.(7), leads us to an uncertainty principle for our quantum cosmological ’intrinsic clocks’ given by a(t) for the DeSitter system with size H^{−1}_0 namely, a(t)H^{−1}_0 ≃ l^2_p where Planck length l_p is unity in Planck dimensions. Using the solution for a(t) in Eqn.(8) this result can be translated into an uncertainly principle for the physical time t of the DeSitter patch, given by ΔtH_0 = ΔN ≃ Log[M^4_p /Λ] where ΔN is the number of efoldings that have crossed the horizon since the inflationary time, i.e. defined by a = e^N . It is reassuring that although DeSitter space is eternal at the classical level,our findings for a catastrophic collapse of DeSitter space at the quantum level during the time interval Δt due to nonlocal entanglement and the dynamics of gravity, are consistent with the uncertainty principle. Furthermore, the interpretration we offer above for the nonlocal entanglement of the superhorizon modes f_n performing a quantum measurement on the DeSitter patch is now justified by this uncertainty principle. (Notice that in the above Eqn.6 we have not included the matter and radiation contribution to the energy density of the Universe, as we are interested here in investigating the transition regime when the Universe is becoming a DeSitter one,i.e from the time when Λ dominates over the other components, and onwards. Subsequently the solution found for a(t), Eq.8, reflect that fact through the nearly exponential time dependence, the Cosh^2 term.).

Since our classical trajectory ϕ(a) goes through a turning point induced by the gravitational instabilities of backreaction in the DeSitter epoch,Ψ̇ = 0, it follows that after losing casual contact with the internal environment, the universe becomes quantum again as we approach the turning point in a time a_∗. If observers bound to the causal patch survived while the universe is transiting to a quantum state, they would perceive the arrow of time as being reversed near the turning point. However notice that very close to the turning point, the WKB approximation breaks down, therefore the concept of time and any statement about what could be observed becomes very fuzzy. A better estimate as to when effects related to ’recoherence’ display a significant effect in our universe, is obtained from the density matrix below, Eq.(11).

We would like to explore the evolution of the density matrix ρ and the Gaussian suppression width, in order to understand better the effect of the interaction of superHubble modes with the DeSitter geometry and the (re-)appearance of a quantum world during the reversal of the arrow of time near the turning point. We exhibited in [13] that the phase space is not conserved due to these interactions. The equation that governs the evolution of ρ is [Ĥ, ρ] = i dρ dt (9) After exit from inflation, during a matter dominated universe, the matter environment within our casual patch provides a strong supression in the offdiagonal elements of ρ [15], with width given by Ω^{−1}_R ,

ρ ≃ e^{−ΩRa4(ϕ−ϕ′)2} (10) (Note that a large Ω_R means high squeezing in ϕ but a broad wavepacket in the conjugate momenta p_ϕ of ϕ ). We can now obtain the evolution of ρ by solving Eq.9 for late times, when the small vacuum energy Λ starts dominating the total energy density in the Universe, Ĥ,by including the effect of backreaction term. Solutions to Eq.9 give the following

ρ ≃ e^{−[ ΩR}a^{2 +μ2 ]a6(ϕ−ϕ′)2} (11)

The second term is the correction coming from the backreaction correction, S_n, where μ^2 ≃<^{n2a}_{H0} [1 − 1 3 (^{m2 a}_n )^2]f^2_n >. The first term is much studied in literature,(see e.g.[15]). For the sake of illustration, we can use as an approximate estimate for the first term Ω_R the results obtained in e.g [16]. Clearly, μ^2 ≤ 0 for the backreaction of superhorizon modes n ≤ √ 2/3aH_0, on the DeSitter Universe. We can therefore see that the total Gaussian suppression in Eq.11, ξ = [^{ΩR}_{a2} + μ^2] is decreasing and approaching zero fast as μ^2 ≃ Σ_nS_nf^2_n becomes negative.

The reduced density matrix: ρ = ∫ Ψ(a, ϕ, f_n)Ψ(a^′, ϕ^′, f^′_n)Π_ndf_ndf^′_n ≃ ρ_0e^{− (aπ)6 H2 μ2 (ϕ−ϕ′)2} 2 ρ_0 ≃ ⟨Ψ_0(a, ϕ)Ψ_0(a^′ϕ^′)⟩ ≃ ρ(a, a^′)e^{−ξa6 (ϕ−ϕ′)2} . (12) Note that since μ^2 < 0, we effectively have ξ =

Ω_R a^2 − |μ 2|. As ξ → 0 the classical trajectory in phase space ϕ is spreading thus losing its classicality and becoming highly quantum. The increasing width ξ^{−1} of the Gaussian cross-term of the density matrix ρ describes the braodening of the wavepacket during the transition to a quantum universe. What effects would we observe as the universe is going toward the transition? This is a difficult question since near the turning point, the width of the Gaussian suppresion goes to infinity, thus the WKB approximation breaks down at the turning point. Hence, if we were to speculate as to what may we observe away from the turning point where the semiclassical treatment is still valid, as the broadening of the wavepacket is becoming comparable to the difference between neighboring energy levels ϕ, ϕ^′, then we would probably expect to see an inhomogenious growth of anisotropies in the sky and probably different values of Λ and quantum numbers in different parts of the sky, i.e. the opposite of the decoherence effect in the early universe [10].

Varying the above action of matter+gravity, S = S_g +Σ_nS_{n,backreac} and using the ϕ(a) trajectory equation of motion, we can obtain the turning point for ϕ by the condition ξ = 0 which gives a_∗ ≃

√_{2Λ} 3 using the expressions above for μ and the time evolved solution ρ .During a DeSitter phase in a time a_∗, the Gaussian width that suppresses the off-diagonal element of ρ_r in ϕ space is increasing due to the developing instability, ρ_r ≃ e^{−[ΩR−a2μ2 ]a4∗(ϕ−ϕ′ )2} . The energy level in phase space is broadening in the landscape coordinate ϕ. By the uncertainty principle a broadening in ϕ means high squeezing in the space of its conjugate momenta p_ϕ since ΔϕΔp_ϕ ≃ 1. Thus the big crunch in real space and the quantum recoherence in our universe as it goes through its turning point in phase space. We can estimate the entropy of the DeSitter universe as it is heading through its turning point by noting that the Euclidean action is the entropy of the system. Roughly, S ≃ |r_{DeSitter} −r_{fn} |^2 ≃ ( √_3

Λ −^{3a2}_{2Λ3/2} ) → 0. This means that the total entropy for the DeSitter state including its horizon size fluctuations goes to zero at a_∗ ≃ O( √ Λ), [35], as the universe becomes quantum through its turning point in phase space and big crunch in real space. That is to say that the allowed volume in phase space for this classical configuration shrinks to a point ie it is nearly zero. And so is the dimension of the Hilbert space for it.This implies that there are no states available in the Hilbert space for a DeSitter universe.

What have we learned

The analysis carried in this work illustrates the fact that superhorizon nonlocal entanglement and the dynamics of gravity can not be ignored during a DeSitter era. When the DeSitter Universe loses causal contact with the internal environment,its only interaction left is with the higher multipoles. During this stage the DeSitter patch recoheres and ends up with its quantum entropy, which is zero, due to developing Jeans like instabilities. An immediate consequence of this statement is that the arrow of time is reversed within a time a_∗ during the DeSitter phase, due to the appearance of coherence and broadening of levels, as the Universe heads towards its gravitationally induced turning point. Although the universe becomes quantum by being superimposed to its own reversed copy and other patches at its turning point, we as internal observers perceive this reversal as a catastrophic crunch in our patch. The details at the turning point depend on the boundary conditions imposed on Ψ̇(a_∗). However at the turning point the quantum universe is superimposed to its own time reversed copy and possibly other patches such that its momenta in phase space squeezes to nearly zero. The instability time when this phenomena occurs is, as we have shown here,a_∗ ≃ O(H_0). This timescale is exponentially shorter even than the tunneling time, if the metastable DeSitter space could lower its energy by decaying. Tunneling to other vacua may not help save the DeSitter Universe. Due to the quantum dynamics of gravity this unstable state crunches catastrophically by becoming quantum during the time scales that it would have reached its final equlibrium and settle into a pure state. The mixing does not allow DeSitter space to evolve and settle into a classical and pure equilibrium state with constant entropy at the end. Instead as the universe is trying to reach its DeSitter equilibrium, this entanglement induces a violent transition to a quantum universe for the final state of the DeSitter space. This recoherence occurs much before the universe can tunnel through to a lower energy configuration. As the DeSitter universe is becoming unstable, internal observers in this patch, perceive their thermodynamic arrow of time as being reversed during a timescale a_∗ of order Hubble time. Clearly we dont observe this in our universe. This fact in combination with the result that the volume of phase space for DeSitter states is zero leads us to conclude: Nature forbids the existence of a pure cosmological constant.

COMMENTS

Then what are we to make of the observed acceleration of our universe? Based on the above analysis, we would predict that this acceleration is a temporary bleep due to some dynamic or transplanckian field and not our final destiny due to a fundamental scale Λ in nature. Observations will soon tell us whether this is true or false. In our analysis we assume general relativity as the theory of gravity and the validity of quantum mechanics. If it turns out that we observe a pure Λ then this must signal the breakdown of the general relativity in the IR regime and the emergence of a new theory of gravity by which our arguments above would not hold. It is though entirely possible that, just like the second law of thermodynamics, we may have a new empirical law in nature,let us call it the ’Entropy Exclusion Principle’, that is:Nature Does Not Allow a Fundamental Λ.

How can these predictions be tested? The combined observations from SN1a, large scale structure LSS and, CMB, from existing or upcoming experiments like Planck, SNAP and LISA, will soon be able to pin down whether the equation of state of dark energy is a constant or if it evolves with time[23]. We concluded here that if it turns out we do observe a cosmological constant then gravity must be modified in the ultralarge scales, the IR regime. A modified theory of gravity would leave a strong signature on large scale structure of the universe[21, 22]. Dark matter experiments e.g. [24] and weak lensing tomography for LSS would reveal such deviations and test our predictions.

It is interesting to note that the initial and boundary states are selected by the same superselection rule in phase space. Without a precise knowledge of quantum gravity and the phase space for the wavefunctions, we can only speculate as to what happens next: if quantum mechanics remains valid deep into the quantum gravity realm then, after the turning point crunch, for example with a boundary condition Ψ̇ = 0, the ’DeSitter’ universe would travel its reversed path in the trajectory towards its initial point[36], therefore completing one of its cycles between initial and final states. In this recycling the universe bounces between classical and quantum in each turning point, thus a classical world would be only an intermediate stage when the universe is away from the turning point in its trajectory. Near the turning point the wavepacket would spread out by disintegrating into its many components and thus the Universe would behave as a quantum system. However decoherence in each cycle takes its toll: each cycle gets shorter and shorter due to the shifting of the energies by the interaction with states. (The shifting of the energy is a well known result in particle physics when a particle interacts with a field than its trajectory is modified due to its energy shift by interaction[16].). It is possible in this picture that after many such cycles, with shorter and shorter trajectories, the universe will spiral in to one point and disappear. Could this speculation provide us with a mechanism for DeSitter space evaporating away its Λ during its recycling in phase space?

I would like to thank R. Holman for valuable discussions and comments. LMH was supported in part by DOE grant DE-FG02-06ER41418 and NSF grant PHY-0553312.

APPENDIX

Here we summarize the calculation for the backreaction potential term U_−(α, ϕ), of Eq.3. Based on Ref.[2, 3, 13], a time parameter t is defined for WKB wavefunctions of the universe such that the equation for the perturbation modes ψ_n in the wavefunction can be written as a Schrödinger equation and be consistent with Einstein equations. If S is the action for the mean values α, ϕ for a nearly DeSitter state with scale factor a = Log[[α] and vacuum energy given roughly by Λ ≃ 1/2(m^2ϕ^2), then by defining the parameter y ≡ (∂S/∂α) / (∂S/∂ϕ) ∼ α̇/ϕ̇, one can write in the second order WKB approximation, [2, 3]:

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 } . (13)

During the nearly DeSitter stage, S ≈ −1/ 3 me^{3α}ϕ_{inf} ≈ −1/3e^{3α} √ Λ, where ϕ_{inf} is the value of the field during inflation, so that y = 3ϕ_{inf} . Thus long wavelength matter fluctuations are amplified during a vacuum energy dominated universe, and driven away from their ground state [3].This is not the case for a matter or radiation dominated universe.When the universe exits the DeSitter stage, the wavepacket for the universe 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 ] . (14)

as can be seen from Eq.(13). It is straightforward to check from the equation of motion for the superHubble perturbation modes that in this case, U = U_+, as it was shown in [3], these modes are frozen in as in the conventional theory of perturbations. We can follow the evolution of these superHubble matter perturbation during the second stage of a vacuum energy domination phase, by using the Schrodinger equation above. During the nearly DeSitter state in the future, these modes develop gravitational instabilities because for reasons shown above, again U(αϕ) < 0.The matter perturbation modes f_n with n ≤ aH_0 are coupled to the background gravitational potential, therefore the main difference with the mechanism described in [13] for the instabilities during an early DeSitter stage, is that the scale of the curvature at late times, is of the order the low energy DeSitter Hubble horizon, m^2 ≃ √ Λ. From Eq.(13) we see that during a (nearly) DeSitter stage, 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. Thus the solution for the wavefunction of the universe, in phase space given by Ψ(a, ϕ, f_n) = Ψ_0(a, ϕ)Π_nψ_n(a, ϕ, f_n) is damped in the intrinsic time α rather than oscillatory. The damping of these wavefunctions is correlated with the tachyonic, Jeans-like instabilities that develop in real space-time for the corresponding matter perturbation modes, consistent with Einstein equations for matter perturbation 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. The gravitational instabilities of matter fluctuation in real spacetime, can be seen from the equation of motion for ϕ, f_n 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 f_n = 0, (15)

From Eqn.14 we can see that only during a DeSitter stage, when U < 0 one obtains growing and decaying solution in spacetime roughly for f_n ≃ e^{±μt} and the growth of instabilites in the infinite number of super- Hubble matter modes f_n with 0 < n < aH_0 which can eventually overcome the pressure of the vacuum energy on spacetime and drive the wavefunction of the universe away from its classical trajectory.

∗ mersini@physics.unc.edu [1] H. V. Peiris et al., Astrophys. J. Suppl. 148, 213 (2003) [astro-ph/0302225].

[2] C. Kiefer Class. Quant. Grav. 4, (1987) 1369. [3] J. J. Halliwell and S. W. Hawking, Phys. Rev. D 31, 1777 (1985).

[4] C. Kiefer, Phys. Rev. D. 38, 6 (1988):

D. L. Wiltshire, “An introduction to quantum cosmology,” Talk published in ’Cosmology:The Physics of the Universe’, (World Scientific, Singapore, 1996),473-531, [arXiv:gr-qc/0101003] [5] G. W. Gibbons and S. W. Hawking, Phys. Rev. D15 2738 (1977).

[6] L. Susskind, [arXiv:hep-th/03-2219];N. Goger, M. Kleban and L. Susskind, JHEP 0307, 056 (2003); L. Dyson, J. Lindsay, L. Susskind, JHEP 0208:045, (2002), [arXiv:hep-th/0202163].

[7] L. Dyson, M. Kleban, L. Susskind, JHEP 0210 (2002), [arXiv:hep-th/0208013].

[8] E. Witten, [arXiv: hep-th/0106109], (2001) [9] A. Albrecht and L. Sorbo, Phys. Rev. D 70, 063528 (2004), [arXiv:hep-th/0405270].

[10] C. Kiefer, H. D. Zeh, Phys. Rev. D 51, (1995), 4145. [11] 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] [12] N. Kaloper, M. Kleban, A. Lawrence, S.Shenker and L. Susskind, JHEP 0211, 037 (2002), [arXiv:hep-th/0209231].

[13] R. Holman and L. Mersini-Houghton [arXiv:

hep-th/0511102].

[14] R. Holman and L. Mersini-Houghton [arXiv:

hep-th/0512070].

[15] C. Kiefer, D. Polarski, A. A. Starobinsky, Phys. Rev.

D62:043518, (2000),[arXiv:gr-qc/9910065].

[16] C. Kiefer, Phys.Rev.D 46, No.4:1658-1664 (1992) [17] B. Freivogel and L. Susskind, Phys. Rev.

D 70:126007, (2004), [arXiv:hep-th/0408133]. R. Bousso and J. Polchinski, JHEP 0006, 006 (2000) [arXiv:hep-th/0004134]. T. Banks, M. Dine and E. Gorbatov, JHEP 0408, 058 (2004)[arXiv:hep-th/0309170]. M. Dine, E. Gorbatov and S. Thomas, [arXiv:hep-th/0407043]. M. R. Douglas, JHEP 0305, 046 (2003) [arXiv:hep-th/0303194]. F. Denef, M. R. Douglas and B. Florea, JHEP 0406, 034 (2004) [arXiv:hep-th/0404257]. F. Denef and M. R. Douglas, JHEP 0503, 061 (2005),[arXiv:hep-th/0411183].;

M. R. Douglas, “Statistical analysis of the supersymmetry breaking scale,” [arXiv:hep-th/0405279]. M. R. Douglas, Comptes Rendus Physique 5:965-977, (2004), [arXiv:hep-th/0409207].

[18] R. M. Wald, [arXiv:gr-qc/0507094] [19] L. Susskind, “The anthropic landscape of string theory,” [arXiv:hep-th/0302219]. L. Susskind, “Supersymmetry breaking in the anthropic landscape,” [arXiv:hep-th/0405189].

[20] R. Bousso, JHEP 9907, (1999); R. Bousso, JHEP, 0104:035 [21] S. Hannestad and L. Mersini- Houghton, Phys.Rev.D71:123504, [arXiv:hep-ph/0405218],(2004) [22] M. Bastero-Gil, L. Mersini-Houghton, Phy.Rev.D65:023502,[arXiv:astro-ph/0107256], (2001);

M. Bastero-Gil, K. Freese, L. Mersini- Houghton, Phys.Rev.D68:123514, [arXiv:hep-ph/0306289],(2003).

[23] A. Melchiorri, L. Mersini-Houghton, C. J. Odman, M. Trodden, Phys.Rev.D68:043509 [24] Chandra Press Release 2006 [25] L. Mersini-Houghton, [arXiv: hep-th/0512304], (2005) [26] L.Mersini-Houghton, M. Bastero-Gil, P. Kanti, Phys.Rev.D64:043508,(2001);

M. Bastero-Gil, P. Frampton, L. Mersini-Houghton, Phys.Rev.D65:106002,(2002);

M. Bastero-Gil, L. Mersini-Houghton, Phys.Rev.D67:103519,(2003) [27] R. R. Caldwell, Phys.Rev.Lett95:141301, (2005) and references therein.

[28] G. R. Dvali, G. Gabadadze, M. Porrati, Phys.Lett.B485:208, (2000);

S. M. Carroll, A. DeFelice, V. Duvvuri, D. Easson, M. Trodden, M. S. Turner, Phys.Rev.D71:063513,(2005);

S. M. Carroll, I. Sawicki, A. Silvestri,M. Trodden, [arXiv:astro-ph/0607458],(2006).

[29] S. W. Hawking, Phys.Rev.D32:2489,(1985);

D. N. Page, Phys.Rev. D32:2496,(1985).

[30] R. Easther, E.A. Lim, M. R. Martin, JCAP, 0603:016, 2006.

[31] L. Mersini-Houghton, Class. Quant. Grav 22, 3481 (2005), [arXiv: hep-th/0504026]; A. Kobakhidze and L. Mersini-Houghton, [arXiv:hep-th/0410213], (2004).

[32] (e.g. in Black Holes by radiating away) [33] (obtained by the expansion around zero of the landscape minisuperspace field ϕ, see [13, 14]) [34] We can treat the contribution of each mode fn separately since they are decoupled from each other.

[35] a result we could have expected physically, for a quantum DeSitter state but that is confirmed here by a different calculation [36] For a different choice of boundary conditions for the wavepacket in phase space, the reversed path can be very different from the forward one depending on what WKB wavefunctions in the wavepacket dominate the action in the reversed direction, in which case there may not even be a cyclic behaviour at all.

Subtleties related to the boundary conditions at the turning point were investigated by Hawking and Page [29] for the case of closed universes, pointed out to me by R.Holman. It would be interesting to investigate the role of the choice of boundary conditions for Ψ(a∗) on the cosmological arrow of time,for DeSitter space but this issue is beyond the scope of the present paper.