arXiv:1105.2636v2 [astro-ph.CO] 4 Jul 2012

Could our Universe have begun with −Λ?

Tirthabir Biswas^{1,2}, Tomi Koivisto^3, and Anupam Mazumdar^{41} 11Dept. of Physics, Loyola University, New Orleans, LA 56302, and 2Dept. of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455 3Institute for Theoretical Physics and Spinoza Institute, Utrecht, The Netherlands.

4Physics Department, Lancaster University, Lancaster, LA1 4YB, UK

In this paper we present an informal description of the Cyclic Inflation scenario which allows our universe to “start” with a negative potential energy, inflate, and then gracefully exit to a positive potential energy universe. We discuss how this scenario fares in comparison with the standard inflationary paradigm with respect to the classic cosmological puzzles associated with the horizon, flatness and isotropy of our current universe. We also discuss some of the most debilitating problems of cyclic cosmologies, Tolman’s entropy problem, and the problem with the overproduction of blackholes. We also sketch the calculation of the primordial spectrum in these models and possible observable signatures. We end with a special focus on the exit mechanism where the universe can transition from the negative to a positive potential region. The treatise is based on an ongoing collaboration between the authors and closely follows conference presentations given on the subject by TB.

I. INTRODUCTION

It is apparent that observational consistency requires our universe to have a positive vacuum energy “today” [1]. Inflation which can explain the large scale structure of the universe [2] also requires a source of positive vacuum energy density (for a review see [3]), but there is yet no known theoretical reasons why that should be so. In fact, string theory, the leading candidate for a consistent theory of quantum gravity, naturally predicts the existence of negative energy vacua, and it has been quite a challenge to find ways that may lead to positive vacuum energies in the string theory framework [4]. In general, if one looks at the potential energy coming from all the moduli in any fundamental theory, one would expect to have both negative and positive potential regions, possibly with several local minima’s dispersed liberally. In String theory this picture is often referred to as the “landscape” [5].

So, let us consider a “small” relatively smooth patch in the “Early Universe”. Without worrying about any preconceptions, what quantities would we normally associate with such a patch? (a) Vacuum energy, Λ, which could be positive or negative, (b) Spatial curvature, ρ_k ∼ a^{−2}, which again could contribute positively (open) or negatively (closed) to the energy budget, (c) some massless degrees of freedom or radiation, ρ_r ∼ a^{−4}, (d) perhaps some massive modes as well, ρ_m ∼ a^{−3}, and (e) possibly small amounts of anisotropy, ρ_a ∼ a^{−6}. One could also add energy coming from coherent evolutions of scalar fields, and depending upon the form of the potential energy the cosmological dynamics could be complicated. For simplicity however, we consider only two extreme cases: massless scalars whose kinetic energy density behaves in a manner very similar to that of the anisotropies, ρ_ϕ ∼ a^{−6}, and very slowly varying potentials. In the former case the scalar energy can be clubbed with ρ_a, while the latter can be accounted for by simply assuming Λ = Λ(ϕ).

So what kind of cosmologies can one expect? Of course, it depends on the different parameters. If for instance, anisotropies are large, then one has to abandon FLRW cosmology all-together and one would typically be stuck in a chaotic Mixmaster behavior, not particularly conducive to create an universe such as ours. Hence, from the very beginning we assumed a relatively smooth patch where FLRW is a good approximation. Let us further look at the expanding universe case, rather than the contracting one. If Λ > 0, then we end up with standard slow-roll inflation, all the different energy components listed above dilutes away, and within a few efolds Λ comes to dominate the show. This potentially can lead to a viable inflationary scenario where the universe keeps expanding monotonically, passes through the usual phases of radiation and matter domination, and eventually comes to be governed by dark energy around today. This is of course the Standard Model of Cosmology, but what if Λ < 0^1.

If |Λ| > ρ_r + ρ_m + ρ_k, FRW evolution is inconsistent, most likely the universe would be stuck in a static anti-de Sitter like universe containing massless and massive excitations. Again, not the kind of universe we find ourselves in. So, let us look at the opposite case when |Λ| < ρ_r + ρ_m + ρ_k. As the universe expands, again all the matter components dilute and eventually cancel the negative cosmological constant causing the universe to turnaround and start contracting. In GR, this leads to an eventual collapse, clearly not what our universe experienced. Very few cosmologists believe in actual existence of a Big Crunch/Big Bang singularity. It is expected that the quantum theory of gravity would resolve such singularities. We don’t know how it would be resolved, and

1 The case when Λ ∼ 0 is rather interesting because this can lead to what is popularly known as an emergent universe [6, 7], but we are not going to discuss this possibility here.

also what kind of space-time, if at all, would emerge from this “almost collapse”. There have been suggestions both from top-down [8–10], and bottom-up [11, 12] approaches that the universe would transition non-singularly from the phase of contraction to a phase of expansion via the so called “Big Bounce”. Suppose that’s what happened, suppose the universe bounces whenever some critical Planckian energy density is reached. What happens next? Well, the same story simply repeats itself. Matter will dilute and when it decreases enough that the negative cosmological constant can cancel it, the universe again turns around ensuring the cyclic pattern.

Can this evolution lead to an universe like ours? Naively, the answer is no, because |Λ| is typically expected to be large, given possibly by the string/GUT scale, a few orders of magnitude below the Planck scale. Then each of the cycles would only last a very short time τ ∼ M_p/ √ Λ ∼ 10^{−33} s, much too short to be interesting. Essentially we will have a nonsingular periodic but uninhabitable cosmology. However, we did forget something; interactions between different species. Interactions generally create entropy which can only increase monotonically breaking the periodicity of the evolution. In fact, this was precisely what Tolman pointed out in the 1930’s giving rise to Tolman’s entropy problem [13, 14]. However, this turns out to be a great savior for the scenario. As will be described in more details in the next section, also see [15, 16], entropy tends to increase by the same factor in every cycle, while the time period of the cycles remain a constant since it is governed by Λ. This means that the universe must be growing by the same factor in every cycle giving rise to an overall inflationary growth! Most of the advantages of standard slow-roll inflation is straight forwardly transferrable to this scenario, including the production of near scale-invariant density fluctuations [16]. However, the scenario suffers from an obvious drawback.

After all we have been living in a positive potential energy region for the last 13 billion years, and the universe have been expanding monotonically during all this time. Is there a way to go from negative energy regions to positive ones, have we neglected something again? In an expanding background it is known that energy densities can only decrease, and hence once the universe is in a negative energy phase, there is no way for it to claw back up to the positive region. However, in contracting phases the reverse is true i.e., the energy density increases, and in this article we will argue that contracting phases can indeed facilitate a transition from negative to positive potential energy regions once one realizes that the cosmological constant should really be thought of as the potential energy coming from all the scalars (moduli) in one’s theory. Thus our universe could have been “exploring” the negative potential regions, when at some point it made a jump to a positive potential energy region, ushering in a monotonically expanding phase which we are currently inhabiting in.

The main focus of this presentation is the graceful exit mechanism. We emphasize that a critical assumption required to make this mechanism work is that the universe (non-singularly) bounces from the contracting to the expanding phase at ρ_•. See for instance [17] for such a scenario involving non-local modifications of gravity. For technical simplicity, here we employ negative ρ^2 type of corrections [8–10, 18] in the Hubble equation to obtain our bounce. From now on the subscript “•” will refer to quantities at the bounce point.

We start by providing the “big picture” in the cyclic inflation scenario in section II. Next in section III, we provide a qualitative description of the graceful exit mechanismn. In section IV, we study the mechanism numerically. Generalization and robustness of this mechanism is then investigated in a string landscape context in section V, and we conclude in section VI.

II. THE CYCLIC INFLATION SCENARIO

One of the motivations for considering cyclic cosmologies has been to provide an alternative to the standard monotonically expanding inflationary paradigm. In a series of papers [15, 19], a very different way of obtaining near scale-invariant fluctuations have been proposed in the context of cyclic models. The main point is that in the context of cyclic cosmologies, if one considers a multifluid system where some components are allowed to fall out of thermal equilibrium, then in general, entropy will be produced through interaction of this species with the thermal bath. This dramatically alters the cosmology and opens up a completely new way of realizing inflation!

In order to illustrate the basics, let us consider a universe with a negative cosmological constant (CC). The Hubble equation corresponding to flat Friedman- Lemaitre-Robertson-Walker (FLRW) cosmology reads

3H^2 = [ρ_m(a) − Λ]/M^2_p , (1)

where ρ_m represents any form of positive energy density source, such as radiation (massless excitations), kinetic energy of scalars, or non-relativistic matter. Consistent cosmology requires ρ_m ≥ Λ. In an expanding phase ρ_m dilutes, and eventually it is canceled by the potential energy, −Λ, when H → 0 signalling a “turnaround” to a contracting phase. Thereafter, ρ_m increases, and according to our assumption once it reaches ρ_•, the universe bounces back to an expanding phase. Thus, in the presence of matter a universe with a negative CC does not remain stuck in an anti-deSitter vacuum, but rather “cycles” with a characteristic time period of τ ∼ √ M^2_p /Λ!

Of course, during the bounce phase the General Relativistic Hubble equation (9) is not valid, but for the success of our mechanism none of the details of the bounce matter, only the energy scale is important. Also, the above cyclic evolution does not depend on the kind of matter the universe has. This is in contrast to previously considered transition mechanisms which rely upon specific features of the models supposed to describe quantum gravity phase, such as nonlocals operators [20], inverse volume corrections in loop quantum cosmology [21–24] or braneworld modifications [18].

Next, let us say that ρ_m consists of “small” amounts of a non-relativistic matter (NR) species along with relativistic degrees of freedom (radiation). In this case, the universe “turns around” from a phase of expansion to a phase of contraction whenever the total matter density (radiation + NR) equals Λ, while it bounces back from the phase of contraction to the next phase of expansion whenever the critical Planckian bounce density, ρ_•, is reached. Importantly, this means that the cyclic evolution is periodic in terms of energy density. To obtain an asymmetric (in scale-factor) cyclic evolution, one only has to require that the relativistic and the non-relativistic species interact via scattering and decay processes; so, they remain in thermal equilibrium above a certain critical temperature, T_c, but below this temperature the massive NR degrees of freedom fall out of equilibrium, and consequently when they decay into radiation, thermal entropy is generated. During the contraction phase, once the temperature becomes greater than T_c, scattering processes become effective in replenishing the NR particles from radiation, and the system can return to thermal equilibrium before the start of the next cycle.

The details involving such processes have been studied using Boltzman equations in conjunction with the Hubble equation in [15, 19], more numerical investigations are currently underway [25]. Due to the periodic behavior of the various energy density components, one crucially finds that the entropy increases by the same factor in every cycle. For instance, if S_n denotes the entropy at the “beginning” of the nth cycle, then under some simplistic assumptions one can derive that κ ≈ 1.2μΓM_pT_cg^{1/4} Λ^34

+ O(μ^2) , where (1 + 3κ) ≡ S_{n+1} S_n , (2) where μ corresponds to the ratio of the equilibrium energy densities of the dust and radiation at T_c, Γ is the decay time, and g is the number of “effective” massless degrees of freedom in the radiation fluid. Further, since the entropy is proportional to the volume this means that if a_n refers to the scale factor at the bounce point of the nth cycle, then a_{n+1}/a_n ≈ (1 + κ)^{1/3}, a constant. Thus, over many asymmetric cycles the evolution of the universe resembles that of ordinary inflation with an average Hubble expansion rate Hav ≈ κ/τ for κ ≪ 1, which turns out to be the phenomenologically relevant case.

As an immediate consequence, this “cyclic inflation” (CI) phase can address the usual cosmological puzzles such as isotropy, horizon, flatness and homogeneity, please see [15] for a detailed discussion. Consider, for instance, the problem with the growth of inhomogeneities, which is related to the problem of overproduction of black holes in cyclic models [26]. The matter fluctuations, δ ≡ δρ/ρ can only grow as long as their wavelengths are larger than the Jean’s length, λ_J , given by: λ_J ∼ c_sM_p/ √ ρ where c^2_s ≡ ∂p/∂ρ is the sound velocity square. Now, in our scenario the cycles are short, and most of the energy content is in radiation so that the sound speed is very close to the speed of light, and accordingly λ_J ∼ τ. In other words, the “sub-Hubble”^2 fluctuations don’t grow. On the other hand, once the wavelengths become larger than the cosmological time scale, τ, they become super-Hubble fluctuations and evolves according to the Poisson equation: δ_k = k^2Φ_k/(a^2ρ), where Φ_k is the Newtonian potential characterizing the metric perturbations. Now in the super-Hubble phase, Φ_k becomes a constant while ρ oscillates between a minimum and a maximum energy density. Thus we have: δ_k < k^2Φ_k/(a^2ρ_{min}) ∼ k^2Φ_kM_p/(a^2 √ Λ). In other words δ_k falls as a^{−2} in the super Hubble phase just as in ordinary inflation.

Next, let us look at the problem of getting embroiled in a chaotic Mixmaster behavior as one approaches the “Big Bounce”; since anisotropies are known to grow as ∼ a^{−6}, cyclic cosmologies are notoriously plagued with this problem. However, in the CI model once the cyclicinflationary phase is “activated” in a small and sufficiently smooth patch of the universe the chaotic Mixmaster behavior is avoided in subsequent cycles because the scale factor at the consecutive bounce points keeps growing and the universe becomes more and more isotropic. Very similar reasoning also resolves the flatness problem.

Moreover, just as in standard inflation, one expects to generate near scale-invariant perturbations during the CI phase. An easy way to see this is to recall that as long as the wavelengths of fluctuations are smaller than the cosmological time scale the power spectrum typically goes as P_Φ ∼ ρ/M^4_p , and this amplitude approximately freezes when the modes “cross” the Hubble radius. In the cyclic inflation scenario for κ ≪ 1, only a few modes make their “last exit” into the superHubble phase in a given cycle. These exits therefore always occur near the turnaround of each of the cycles. If V (ϕ) is rolling very slowly, the turnaround energy density remains approximately constant throughout the entire cyclic inflationary phase leading to an approximately constant amplitude of perturbations. A more detailed argument is provided in [16].

While the CI scenario provides a new cosmological paradigm, it has to still contend with the graceful exit problem. If one is stuck in a −ve Cosmological constant, then the above inflationary phase persists forever and one can never obtain an universe like ours. The analysis that will be presented in the next couple of sections however will clearly demonstrate that if we have a scalar

2 In the context of cyclic universes, by sub-Hubble fluctuations one really means fluctuations which are smaller than the cosmological time scale.

field rolling down a negative potential, then there can indeed be a last cycle if the scalar field gets an opportunity to exit from the negative potential region to the positive potential region.

Finally, we need to revisit the issue of geodesic completeness in the context of cyclic inflation scenario. This is a subtle issue, if one tracks, say, the minimum of the oscillating space time, then one finds that it has the traditional inflationary trajectory, and the problem of past geodesic incompleteness becomes apparent^3! Fortunately, there appears a natural resolution that has been discussed in details in [15, 16, 19]. For a closed universe, as one goes back in cycles, there comes a point when the curvature energy density becomes more important than the vacuum energy density. (Curvature density blue shifts as a^{−2} with decreasing scale factor, while the vacuum energy density just remains a constant.) Once this happens, the universe no longer turns around due to the negative vacuum energy density, but much earlier when the radiation density equals the negative curvature. Such a dynamics lead to an universe which undergoes progressively small oscillations around a constant scale factor as t → −∞ [19]. The space-time is, in fact, very reminiscent of the emergent universe scenario advocated in [6, 7]. Thus the complete cosmological evolution in these scenarios consists of four distinct phases: Phase I or the cyclic-emergent phase, Phase II or cyclic-inflationary phase, phase III or the graceful exit phase, and finally an everlasting expanding phase.

III. THE EXIT, ANALYTICAL ARGUMENTS

We are now going to focus on the exit mechanism. If Λ was a constant we would have a cyclic evolution “forever” in the past and future, which would be a rather uninteresting space-time although geodesically complete and free from singularities^4. Fortunately, in a realistic scenario one does not expect Λ to be a constant, but rather identifies it as the potential energy associated with the various scalar fields in the model. Since here we want to study whether the universe can move from negative to positive potential regions, let us consider a very sim-

3 In the context of cyclic universe, this is also known as Tolman’s entropy problem.

4 A space-time metric is said to be geodesically incomplete in the past if one has particle trajectories which end abruptly at a finite proper time in the past with the particles finding themselves no where to go (or more accurately no where to come from). If the scale factor vanishes as t → −∞, that typically signals such a problem. For instance, this is what happens in “past eternal” inflationary space times where the scale factor go like e^{λt} [27, 28]. In the present model, as t → −∞, the scale factor doesn’t go to zero but rather oscillates between a finite minimum and a maximum corresponding to finite minima’s (Λ) and maxima’s (ρ_b) in energy density. All the trajectories can be trivially continued to the infinite past.

ple scenario involving a single scalar field that has been rolling along essentially a very flat negative potential, and then experiences a steep incline which can “potentially” take it to the positive side. For the moment, let us ignore the tilt in the negative side of the potential so that approximately

V (ϕ) = { −Λ for ϕ > 0 −Λ − μ^3ϕ for ϕ < 0 (3)

The potential reaches zero at ϕ_0 ≡ −Λ/μ^3. We want to find out whether ϕ can get enough velocity in the “last” contracting phase so that it can climb up the positive side of the potential. What we will show is that even if the kinetic energy is very small at the turnaround of the “last” cycle, K_∘ ≪ Λ, it is possible for the universe to make the transition. From now on the symbol “∘” will denote the turnaround point.

In general, we expect both massive and massless excitations to be present in the universe. Although our analysis goes through for most types of additional matter sources, for the purpose of illustration, we will take this to be radiation with ρ_{r∘} ≈ Λ. Now, as the universe contracts, the scalar field will start gaining kinetic energy. Since there is no potential gradient as long as ϕ > 0, we have K = K_∘(a_∘/a)^6. As the kinetic energy increases, it becomes possible for the kinetic energy to start dominating over the negative potential energy. It is straight-forward to check that this happens as long as

K_∘ ≳ Λ^{52} /M^6_p (4)

which is a rather mild requirement since Λ is expected to be given by the string scale ∼ 10^{15} − 10^{16} Gev, so that Λ^{3/2}/M^6_p ∼ 10^{−18}. The crucial point is that once the kinetic energy becomes larger than Λ, the total scalar energy density becomes +ve and the scalar field can no longer turn back while in the negative potential region as long as the universe is contracting [29].

Let us consider a special case when kinetic energy just cancels the negative potential energy at ϕ = 0. The general situation will be considered numerically. At this “equality epoch”, labeled by “e”, we have

a_e = a_∘ (K_∘/Λ)^{1/6} ⇒ ρ_{r,e} = Λ (Λ/K_∘)^{2/3} . (5)

We are now going to study the second phase of evolution when the potential is rising. The Klein-Gordon equation in this phase reads ϕ̈ + 3Hϕ̇ = μ^3. Since, at the equality, the energy density is dominated by radiation, and the kinetic energy is equal to Λ, we have 3Hϕ̇|_e ∼ Λ M_p ( Λ K_∘ )_{1/3} (6) Thus if

μ^3 ≪ Λ M_p ( Λ K_∘ )_{1/3} ∼ |3Hϕ̇|_e (7) the scalar field continues to behave as a free field. Note that μ remains a constant while the Hubble term keeps increasing during contraction, making the approximation progressively better. Now, our main goal is to find out whether ϕ can reach ϕ_0 before the total energy density ρ ≈ ρ_r + K reaches the bounce density ∼ M^4_p .

The Hubble equation

H^2 = 1 3M^2_p

[ρ_r + K] = 1 3M^2_p [ ρ_{r,e} ( a a_e )_{−4} + Λ ( a a_e )_{−6}] , (8) can be recast into a dϕ da = M_p √ 6 ( a a_e )_{−1} [( Λ K_∘ )_{2/3} + ( a a_e )_{−2}]−^1_2 (9) and solved exactly in terms of y ≡ (a/a_e)(Λ/K_∘)^{1/3}: −ϕ_• = √ 6M_p [ tanh^{−1} ( 1 √ 1 + y^2_• ) − tanh^{−1} ( 1 √ 1 + y^2_e )]

(10) where y_e = (Λ/K_∘)^{1/3} and y_• = ( Λ/M^4_p

) 1_6 (Λ/K_∘)^{13} are the initial and final values of the variable y. In particular y_• was estimated by assuming that the bounce occurs when the kinetic energy density equals the Planckian bounce density. Indeed near the bounce one cannot trust the GR evolution (9), but the new physics should only lead to O(1) modifications as it’s effect is expected to kick in only at Planckian densities. We have verified this numerically.

To check whether the scalar field can indeed cross the negative potential region let us compare ϕ_0 and ϕ_•. Since y_e ≫ 1, and y_• ≪ 1, we have − ϕ_• ≈ √ 6M_p tanh^{−1} ( 1 − y^2_•/2 ) ∼ O(10)M_p (11)

Now, if we want to be consistent with our approximation (7), the minimum value ϕ_0 can take is

− ϕ_0 = M_p (K_∘/Λ)^{1/3} ≪ M_p (12)

Thus we see, it should be easily possible to gracefully exit the negative potential region!

Although in the present manuscript we have not introduced a second matter component and possible exchange of energy between it and the radiation fluid, the existence of such a fluid and their interaction will not play any significant role in the exit mechanism proposed. Firstly, in the CI paradigm, the NR matter component is always subdominant to radiation, and secondly, during the bounce phase as the universe contracts, the matter energy density becomes even more insignificant as compared to the kinetic energy of the scalar field and the radiation density.

IV. NUMERICAL ANALYSIS

Although the mechanism proposed here does not depend on the details of the bounce, but only on the scale of the bounce, for numerical purposes we use the quadratic modification to the Hubble equation, 3H^2 = 8πGρ[1 − ρ/ρ_•], as previously considered in [11, 12]. The energy density ρ consists, effectively, of radiation and a canonic scalar field with the potential (3). A couple of typical evolutions are shown in Fig. 1, while Fig. 2 exhibits the regions in the space of initial conditions where we obtain the graceful exit. Actually, for numerical studies we looked at situations where the field not only exits from the negative potential region, but is also able to jump to a height of, V (ϕ) ∼ Λ.

The favorable conditions span large ranges of initial field values and the kinetic energy need not be large initially. In Fig. 2 for instance, we see that even when the kinetic energy is 10^{−8} times smaller than the potential energy, a successful exit is possible with realistic parameter values. As the initial kinetic energy increases, it becomes more and more favorable for the universe to make the transition, and in particular when we have no radiation, the universe always makes a successful exit.

A second important parameter determining the success of the exit is the “phase” of the universe when it encounters the steep potential incline, see Fig. 1. If it is in a phase of expansion, then ϕ slows down and the universe may not be able to make it to the top of the incline, and this is what happens in Fig. 1, the top panel. On the other hand, if it is in a contracting phase, then it is easier for ϕ to gain enough momentum to rise to the top of the hill. Fig. 3, describes the evolution of the field during the cyclic and inflationary phases.

A third crucial parameter is the hierarchy between the scale of the potential (which may be identified with the string or the inflationary scale) and the scale of the bounce (which we have assumed to be close to the Planck scale). As expected, the larger the hierarchy, the greater the probability of making the transition, because the scalar field gets that much more time to gain sufficient kinetic energy to cross the hill.

Finally, the steepness of the incline also plays an important role. If the rise is too shallow, the field may not be able to cross the whole way in one bounce, while if the rise is very sharp the force V^′(ϕ) may overwhelm the “anti-friction” 3Hϕ̇ in the contracting phase. Either case results in an unsuccessful exit, but the height of the vertical “jumps” in Fig. 3 increases with ρ_•, and in fact for typical parameter values these jumps become much longer than the width of the slope, Λ/μ^3. For instance, if one assumes both Λ, μ to be given by the string scale M and ρ^{14}_• ∼ M_p ∼ 10^3M, numerical tests confirm that the phase transition takes place with significant probability, and is the typical outcome.

V. EXPLORING THE LANDSCAPE

We have seen how successfully the universe can overcome the potential barrier in going from the negative to the positive energy phase, but the potential in the neg-

FIG. 1: Evolution of the kinetic and potential energies. The solid blue line shows the scale factor which is normalized to unity at the turnover at t = 0. Here we have set ρ• = 10^9M^4, μ^3 = M^3/2 and Λ = M^4. Upper panel: The field reaches the upward slope in the expanding phase. The force overcomes the friction which is diluting with the expansion, and consequently the field rolls back down the hill and returns to the cycling evolution. Lower panel: The field is released from a different position and crosses the upward slope completely in the bouncing phase. The potential becomes positive, and consequently the expanding phase continues unstopped. This is the more typical evolution: in fact one has to choose the initial conditions with some care for the field to end up in an evolution like the upper panel.

FIG. 2: The effect of initial conditions for a choice of the three scales. The parameters are in units of Planck mass. xaxis: (10-based logarithm of) the initial value of the field at the turnover. y-axis: (10-based logarithm of) K∘/Λ. Thus, at y=0 there’s no radiation but kinetic energy is equal to the magnitude of the cosmological constant. z-axis: V (ϕ) at the highest point it reaches. The red plateau is basically where we have graceful exits.

FIG. 3: Evolution of the field as a function of time with different initial conditions. The evolutions correspond to the two cases depicted in Fig. 1. During the turnover (classical) phase, the field remains practically constant since the kinetic energy is very small. In the bounce (quantum) phase the field rolls very rapidly.

FIG. 4: A plot of the potential V (ϕ) = −Λ(1 + σ sec ϕ/M) when Λ = 0.1 and σ = 1 in arbitrary units. ρ• = 10^8 in the plot.

ative region is not expected to have a monotonically inclining potential as ϕ → ∞. Rather in a realistic setting one expects a varied landscape with local minima’s and maxima’s [5].

One might wonder how efficient is the cyclic phase in glossing over these local minima’s and continuing on in it’s journey “seeking” the positive region? We note that such a possibility was considered, though less quantitatively and in an anthropic context, in Ref. [30]. Here we explore this using the following potential, depicted in fig. 4, as a prototype:

V (ϕ) = −Λ (1 + σsech(ϕ/M)) . (13)

FIG. 5: The field is released at rest. The critical value below which the field cannot climb up from the potential well is plotted as a function of the depth of the well.

As expected, the scalar field can easily gloss over such potential wells. Now, we need not even consider any initial velocity, the field can gain enough kinetic energy as it approaches the minimum. In expanding cosmology the friction would of course hinder the field from climbing back the equal amount, but even if the turnaround occurs very close to the minimum, the contraction can make it jump past the well. The definition of “past the well” is that |ϕ| > 2σ^{13} . We demonstrate this in Fig. 5, which shows the critical value of the field as a function of the potential depth σ. If we release the field below this value, it doesn’t climb over the well but can get stuck in the minimum. From these results it is clear that the field can naturally gloss over several minima in the negative potential region in it’s quest to find a positive potential region, thereby making the exit scenario considerably more robust.

VI. CONCLUSION AND DISCUSSION

Conclusions: To summarize, we have shown that a viable cosmology can be constructed from a landscape of −ve vacuum energy density. Such vacua are naturally expected in string theory. This opens a new possibility that our patch of the universe could have begun with a negative cosmological constant. In particular, we focussed on a new class of inflationary models involving cyclic cosmology where entropy production in the cyclic phase make the cycles asymmetric and in fact the space-time starts resembling that of inflation over a longer time scale. Our results demonstrates that a graceful exit from the “cyclic inflationary” phase may indeed be possible lending viability to these new cosmological scenarios with very distinctive cosmic signatures [16]. It may also be possible to explain the smallness of the current positive cosmological constant in such scenarios [20, 31].

It is worth emphasizing though that the graceful exit mechanism discussed here can simply be a vehicle for the universe to jump from negative to positive energy phase, where traditional inflationary cosmology can take place. As an added bonus the pre-inflationary cyclic phase makes the space-time “past geodesically complete” [27, 28]; in the infinite past the space undergoes quasi-periodic oscillations, the scale-factor never vanishes, and the particle trajectories can be extended to the infinite past.

[1] S. Perlmutter et al. (Supernova Cosmology Project), Nature 391, 51 (1998), astro-ph/9712212.

[2] E. Komatsu et al. (WMAP), Astrophys. J. Suppl. 192, 18 (2011), 1001.4538.

[3] A. Mazumdar and J. Rocher, Phys. Rept. 497, 85 (2011), 1001.0993.

[4] S. Kachru et al., JCAP 0310, 013 (2003), hepth/0308055.

[5] M. R. Douglas and S. Kachru, Rev. Mod. Phys. 79, 733 (2007), hep-th/0610102.

[6] G. F. Ellis and R. Maartens, Class.Quant.Grav. 21, 223 (2004), gr-qc/0211082.

[7] G. F. Ellis, J. Murugan, and C. G. Tsagas, Class.Quant.Grav. 21, 233 (2004), gr-qc/0307112.

[8] M. Bojowald, Living Rev.Rel. 8, 11 (2005), grqc/0601085.

[9] A. Ashtekar, T. Pawlowski, and P. Singh, Phys.Rev.

D74, 084003 (2006), gr-qc/0607039.

[10] Y. Shtanov and V. Sahni, Phys.Lett. B557, 1 (2003), gr-qc/0208047.

[11] K. Freese, M. G. Brown, and W. H. Kinney (2008),

0802.2583.

[12] L. Baum and P. H. Frampton, Phys.Rev.Lett. 98, 071301 (2007), altered and improved model astro-ph/0608138 with new title, hep-th/0610213.

[13] R.C.Tolman, Oxford U.Press, Clarendon Press (1934). [14] R.C.Tolman, Phys.Rev. 37, 1639 (1931).

[15] T. Biswas and A. Mazumdar, Phys.Rev. D80, 023519 (2009), 0901.4930.

[16] T. Biswas, A. Mazumdar, and A. Shafieloo, Phys.Rev.

D82, 123517 (2010), 1003.3206.

[17] T. Biswas, T. Koivisto, and A. Mazumdar, JCAP 1011, 008 (2010), 1005.0590.

[18] J. E. Lidsey and D. J. Mulryne, Phys.Rev. D73, 083508 (2006), hep-th/0601203.

[19] T. Biswas (2008), 0801.1315. [20] T. Prokopec (2011), 1105.0078.

[21] J. E. Lidsey, D. J. Mulryne, N. Nunes, and R. Tavakol, Phys.Rev. D70, 063521 (2004), gr-qc/0406042.

[22] D. J. Mulryne, N. Nunes, R. Tavakol, and J. E. Lidsey, Int.J.Mod.Phys. A20, 2347 (2005), gr-qc/0411125.

[23] N. J. Nunes, Phys.Rev. D72, 103510 (2005), astroph/0507683.

[24] D. J. Mulryne, R. Tavakol, J. E. Lidsey, and G. F. Ellis, Phys.Rev. D71, 123512 (2005), astro-ph/0502589.

[25] T. Biswas and W. Duhe, Work in progress (2012). [26] D. R and P. P. J. E, General Relativity: An Einstein Centenary Survey ed S Hawking and W Israel, Cambridge: Cambridge University Press (1979).

[27] A. Borde and A. Vilenkin, Phys.Rev.Lett. 72, 3305 (1994), gr-qc/9312022.

[28] A. D. Linde, D. A. Linde, and A. Mezhlumian, Phys.Rev.

D49, 1783 (1994), gr-qc/9306035.

[29] G. N. Felder, A. V. Frolov, L. Kofman, and A. D. Linde, Phys.Rev. D66, 023507 (2002), hep-th/0202017.

[30] Y.-S. Piao, Phys. Rev. D70, 101302 (2004), hepth/0407258.

[31] T. Prokopec (2006), gr-qc/0603088.