arXiv:hep-th/0511112 v1 9 Nov 2005

A Fly in the SOUP

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: November 9, 2005)

We investigate the Selection of Original Universe Proposal (SOUP) of Tye et al and show that as it stands, this proposal is flawed. The corrections to the Euclidean gravity action that were to select a Universe with a sufficiently large value of the cosmological constant Λ to allow for an inflationary phase only serve to renormalize the cosmological constant so that Λ → Λ_{eff}. SOUP then predicts a wavefunction that is highly peaked around Λ_{eff} → 0, thereby reintroducing the issue of how to select initial conditions allowing for inflation in the early Universe.

PACS numbers: 98.80.Qc,11.25.Wx

I. INTRODUCTION

A theory of everything is not enough. Such a theory, be it string theory or something else, might allow us to understand the dynamical evolution of the Universe. However, without a theory of the initial conditions (IC), we will be severely restricted in the questions we can ask. While initial conditions for the Universe as a whole have been discussed extensively, especially in the context of quantum cosmology[13, 17, 18], the recently developed landscape picture of string vacua[9] forces the issue to the fore.

The unimaginably large number of string vacua found[9] has been taken by some as a signal that anthropic arguments[7, 31] are the only ones that could be used to make predictions in string theory. If true, finding physical quantities that string theory might be able to predict becomes a hard, perhaps impossible task, at least until probability distributions peaked around universes like ours can be sensibly derived.

On the other hand, not all physicists are comfortable enough with anthropic reasoning to give up on finding a more dynamical approach to vacuum selection in the landscape. There have been a number of attempts recently to do just this[1, 2, 3, 4, 6], mostly by trying to construct the relevant wave function of the Universe, or perhaps more appropriately, the wave function of the multiverse. The variables on which such a wave function should depend on would be those describing the landscape. Presumably, if the wave function propagating on the landscape background contains information about the observable parameters which specify the Universe on large scales, we could use the probability distribution obtained from this wavefunction to make predictions for the values of these parameters[3, 4]. In Refs.[3, 4], the scattering of the wavefuntion of the universe on the landscape background was treated as an N-body problem with solutions found over the whole multitude of landscape vacua. The probability distribution derived from such solutions was peaked around the

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

universes with small energies.

The proposal put forth in Refs.[1, 2] considers the wavefunction to tunnel from a false to a true vacuum with the claim that the probability distribution is peaked around universes with reasonably large and finite Λ when perturbations are taken into account. The Universe is supposed to appear from “nothing”, that is, a state with no classical notion of spacetime and then evolve into the Universe we see today. This sidesteps the issue of initial singularities present in the backward extrapolation of the classical cosmological spacetime.

To make this approach work, in terms of being able to identify which initial state is preferred by the wave function of the Universe, at least two conditions must be met. First, the wave function should be able to tell the difference between the various vacua. Second, in order to be able to compare the probabilities for different vacua, the wavefunction should be normalizable. If we look at the Hartle-Hawking (HH) “noboundary” wave function[18], we see that the latter condition does not occur. In particular, consider the HH wave-function corresponding to tunneling from “nothing” to a de Sitter space with cosmological constant Λ. The semi-classical approximation gives

Ψ_{HH} ∼ exp (−S_E ) = exp ( 3π 2G_N Λ ) . (1.1)

Here S_E is the Euclidean action for the instanton that dominates the path integral with the relevant boundary conditions. We see that such a wave function indicates a preference for low cosmological constants, or equivalently, large horizons. We also see that by making Λ smaller and smaller the Euclidean action can be made as negative as we want, which renders the HH wave function non-normalizable. This is a standard problem of Euclidean gravity; the conformal mode of the metric corresponds to a runaway direction in the superspace[5] of Euclidean gravity.

This calculation has something to teach us. As it stands, we have only included the cosmological constant as one of the physical parameters we would want to predict from the dynamics of the wave function. While important, we want more; we want the values of the other parameters that specify where we are in the landscape. Furthermore, the calculation would have us believe that the most probable Universe has Λ = 0. The SNIa data do not support this, and in any case, this would also eliminate the possibility of an inflationary phase in the evolution of the Universe. The WMAP data are certainly consistent with inflation, and may in fact require an inflationary phase with an energy scale near the GUT/string scale.

Here we investigate the proposal of Tye and collaborators[1, 2] (henceforth known as I, II, respectively) which offers a possible resolution to both of the points described in the previous paragraph. They call this proposal SOUP for “Selection of the Original Universe Proposal”. Their proposal is based on going beyond the strict minisuperspace approach for computing solutions to the Wheeler-DeWitt (WDW) equation, including matter fluctuations as well as metric perturbations, which tend to decohere the wave function. This has the effect of suppressing the tunneling amplitude in a way that depends on the field content of the theory, as well as on the parameters that specify which state the Universe will tunnel into. An example of this would be the KKLT[10] and KKLMMT[11] scenarios in which the de Sitter state is generated through a combination of non-trivial fluxes and brane-antibrane configurations. If the wave function depends on the fluxes, then we would be able to use the wave function to predict which compactification will be preferred.

The essence of the Tye et al idea is to argue that when tunneling to a de Sitter space, the decoherence effects on the wave function will in general prefer values of the cosmological constant that are generic, neither too large, nor too small, relative to the natural energy scales in the theory, presumably the Planck/string scale here. The vacuum energy Λ is the brane tension σ obtained by stacking N pairs of branes: Λ ≃ 2Nσ. The HH wave function changes from that in Eq.(1.1) to

Ψ ∼ exp F , F = −S_E − D, (1.2)

with F the effective action obtained after coarse-graining and where the decoherence correction term D, which is real and positive, originates from the influence functional obtained by tracing out the metric and matter perturbation modes with wavelengths larger than the cuttoff size √ Λ. In I the authors argue that D is proportional to the area of the boundary towards the end of tunneling so that D is a constant depending on the cuttoff scale Λ (since the size of boundary is given by the initial de Sitter horizon √ Λ). For a D-dimensional inflationary universe with cosmological constant Λ this procedure yields, F ≃ a Λ^{D−22} − b Λ^{D−12}

. (1.3)

where D denotes the dimensionality of space. Minimizing this for generic values of a, b gives generic values of Λ. In II, metric perturbations with wavelengths larger than the horizon are traced over, a procedure which yields a radiation-like correction term to the effective action of the form, D ≃ ν/Λ^2a^4.

SOUP is an interesting proposal and it provides yet another example of non-anthropic selection of vacua from the multitude of vacua in the landscape. However, as it stands, we do not think it gives a correct determination of the cosmological constant as the argument above would suggest. We will argue this point in the rest of the paper and comment on an alternative criterion for vacuum selection based on gravitational instabilities of perturbations; we will pursue the derivation and consequences of this criterion in a second paper[26].

In the next section, we flesh out the part of the discussion of Tye et al that we take issue with. In Section II we show how the SOUP proposal, at least as currently envisaged, does not select out a value for Λ other than the one selected by the original HH wave function, i.e. Λ → 0. We then turn to a discussion of our proposal and conclude in Sec.III.

II. THE PROBLEMS WITH SOUP

The claim in I is that the inclusion of the inhomogeneous modes of the metric and/or matter fields will change the Λ dependence of the wave function of the Universe, at least in the semiclassical approximation, in such a way that a preferred non-zero value is selected. In essence, an effective potential for Λ is generated that has a minimum away from Λ = 0. The parameters of this potential depend on the de Sitter boundary size Λ and the number of the degrees of freedom b of the theory, so that one can correlate a given value of Λ as picked out by minimizing the effective potential with values of the parameters of theory. As an example of this, Ref.[27] shows how the modified wave function can be used to argue that the number of e-folds in chaotic inflation models is most likely to be equal to the minimum number of e-folds (∼ 60) required to solve the horizon and flatness problems.

The first problem we see with this proposal has to do with whether or not we can distinguish between the original value of Λ appearing in the action and the effective potential generated for it. Recall the prescription for constructing the HH wave function. We are to compute the following Euclidean path integral

Ψ_{HH} [h_{i j}; ϕ] = ∫ Dg_{μν} DΦ exp (−S_E ) , (2.1)

where the geometries involved are compact four-geometries having metric h_{i j} as their boundary and the fields are fixed to the value ϕ on this boundary. The HH wave function relevant to the creation of a de Sitter Universe is obtained by evaluating the path integral in the semiclassical approximation, where the action is saturated with a solution to the classical Euclidean equations of motion with the appropriate boundary conditions; this is the so-called de Sitter instanton

a(τ) = 1 H cos Hτ, (2.2)

where τ is Euclidean time and for the instanton, we have the restriction |τ| ≤ π/2H.

In the minisuperspace approximation on the landscape background ϕ, where we only keep the homogenous mode a(t) we arrive at the standard result in Eq.(1.1). Now suppose we go beyond this approximation by including the inhomogeneous modes {x_n}. As shown in Ref.[19], to first order the wavefunctional is Ψ[a, ϕ] = Ψ_0(a, ϕ) ∏_n ψ_n(a, ϕ, x_n) ≃ e^{−S0 +Σn Sn x2n} with S_0 being the unperturbed action and S_n = S_n (a, ϕ) the correction terms arising from the perturbations. Tracing out the {x_n} then yields an effective action A_E and wavefunction Ψ(a, ϕ) ≃ e^−A^{E /2} and generates the reduced density matrix for the homogeneous modes ρ_{red} (a, a^′). This can then be used to compute the probability to tunnel from a = 0 to a = H^{−1}. The effect of integrating the inhomogeneous modes out is to modify the Euclidean action from the given one S_E to the so-called coarse grained effective action A_E = F [28]. Let us recall that in I, the effective action obtained after after tracing out modes with wavelength larger than the instanton boundary size √ Λ, takes the form F ≃ a Λ^{D−2}2 − b Λ^{D−1}2 = a Λ^{D−22}_{eff}

. (2.3)

In II the tracing out of the tensor metric perturbations results in an effective action that contains a ’radiation-like correction:

A_E = 1 2 ∫ dτ ( −aȧ^2 − a + Λa^3 + ν Λ^2a ) (2.4)

The procedure would then be to look for solutions to the Euclidean equations of motion generated by varying the effective action A_E with respect to minisuperspace variables (a, ϕ). At this point we need to be aware that A_E actually depends on two scale factors a, a^′, since it gives rise to the propagator for the reduced density matrix. If the system has not decohered then variation of A_E with respect to a, a^′ would yield two Friedman-like equations with different expansion rates H(Λ), H^′(Λ_{eff}). Quantum entaglement would allow us to distinguish between H, H^′ and therefore between the leading and the correction term in A_E . To what extent can we treat A_E as only depending on one scale factor so that we can go through the same procedure as we would have in the de Sitter instanton case? This relates to the issue of whether the “histories” of the scale factors in question have small enough overlap so that each one can be treated classically, in the sense of not being interfered with quantum mechanically. To understand when this happens, we can make use of the results in Ref.[14, 15] for the reduced density matrix ρ_{red} (a, a^′):

ρ_{red} ( a, a^′ ) ∼ exp ( −N (a + a^′)^2 (a − a^′) 4a^2a^{′2} ) (2.5)

Here N is the number of modes included in the environment that has been traced out. For large enough N, the reduced density matrix only has support for a^′ ∼ a which is the sign that the quantum interference between these scale factors is small enough that we can use the classical equations of motion obtained from A_E when we set a = a^′ in order to obtain the new form of the instanton relevant to the creation of a de Sitter Universe from “nothing”.

This brings us to the crux of our argument. The corrections to the original Euclidean action induced by tracing out degrees of freedom other than the scale factor will depend on Λ in some non-trivial way. In I the correction terms do nothing more than to renormalize the cosmological constant Λ to Λ_{eff} given by Eq.(2.3). The gravitational degree of freedom a is the first one to become perfectly classical, a = a^′. It is straightforward to prove this is the case by deriving the equations of motion for the Euclidean scale factor a(τ)

ȧ^2 + 1 = H^2_{eff}a^2 + · · ·, (2.6)

where · · · indicate terms that might come from higher curvature operators induced by the tracing out procedure. Here H_{eff} = H_{eff} (Λ) is nothing other than the effective potential for Λ! The net effect of tracing out the environment modes is to reset the cosmological constant to Λ_{eff} = 3H^2_{eff}. We can understand this result as follows. There is only one scale factor a and therefore only one expansion rate H_{eff} obtained by varying A_E with respect to a. The quantity measured in this de Sitter universe can only be Λ_{eff} = 3H^2_{eff}. Unfortunately there is no way to distinguish between Λ and Λ_{eff} or between the two constant contributions, (leading and correction term) in A_E , Eqs.(2.4,2.3) by measuring H_{eff}. The universe born out of the coarse-grained wavefunction given in terms of F , Eq.(2.3), expands with a scale factor a(t) given by Eq.(2.6) and Hubble constant √ Λ_{eff}. Instead of determining a new value for the cosmological constant, we have just returned to our starting point; the entropy still scales as inverse of the renormalized cosmological constant, F = A_E ≃ (Λ_{eff})^{−1} and the improved HH wave function still prefers a Universe with zero cosmological constant.

In II the correction term has a different time dependence and evolution from the first term, Eq.(2.4), which might seem promising in terms of separating conributions from Λ and the correction term in H_{eff}. The correction terms originate by tracing out tensor metric perturbations with wavelengths longer than horizon size and contribute to the effective action by an amount H^2x^2_n. As shown in [19] these terms are bound to be very small since they contribute to the CMB fluctuations

⟨δT /T ⟩ ≃ ⟨x^2_n⟩. (2.7)

On these grounds, their strength is at least five orders of magnitude less than the leading term Λ^{−1} in the effective action. For this reason, while tracing out super-Hubble metric perturbation modes produces a radiation-like term in the expansion equation, this does not alleviate the problem of the entropy of inflation. This is still dominated by the leading term Λ^{−1}.

There is another indication that the cosmological constant would not be fixed by what is essentially a statistical argument. One way to see that Λ → 0 should be the preferred value when we use Euclidean quantum gravity is to note that the path integral for Euclidean gravity does not converge; the conformal factor gives rise to an unstable direction in the action and the action can be arbitrarily negative. This is true regardless of whether matter fields are present or not. Now suppose we trace out the fluctuation modes to generate the coarse grained effective action. To the extent that this action is local, we can expand it terms of powers of the curvature tensor of the background. The leading terms will be the Einstein action, which will again have the same problem of unboundedness from below. This contradicts the arguments in II to the effect that decoherence will allow bound the action, and we should expect a renormalization of the cosmological constant but nothing else.

III. CONCLUSIONS

The HH wave function argues for a Universe in which high scale inflation could not occur; from an entropic point of view, the entropy is given by −S_E and use of the semiclassical approximation with the de Sitter instanton gives S_E ≃ −1/Λ.

It has long been suggested that one possible resolution of this disrepancy would be to couple the system to other degrees of freedom, e.g. to the higher multipoles [14, 19]. The effect of tracing out these environmental degrees of freedom may possibly address both of the above issues by adding corrections to the effective action of the system.

Tye et al.[1, 2] make use of this mechanism to argue that this procedure would select out potentially useful vacua for inflation from the string theory landscape. In I corrections to the effective action of the (D − 1) dimensional instantons, proportional to the area of their boundary were used as seen in Eqs(1.3,2.3).

In II radiative corrections were obtained by tracing out higher metric multipoles {x_n} yielding corrections of the form D ≃ ν/Λ^2a^4, with the hope that the “friction-like” influence of the coupling to the environment of the higher multipoles, would suppress the tunneling rate in a vacuum dependent way and bound the Euclidean action from below.

Here we have argued that the perturbative correction in I simply renormalizes the cosmological constant given by Eq.(1.3), F ≃ (Λ_{e f f} )^{−1}, thereby reintroducing the original problems and implications of the HH-wavefunction. We also showed that the radiative corrections {x_n} in II are subleading by at least five orders of magnitude compared to the zeroth order term in the action, S_E ≃ 1/Λ since their strength is bounded by temperature and density perturbations, ⟨δT /T ⟩ ≃

⟨x^2_n⟩. Therefore they are not sufficient to suppress the tunneling rate. On top of this their contribution redshifts away as a^{−4} compared to Λ. For this reason neither the entropy nor the boundedness issues can be resolved by tracing out metric perturbations.

The selection of the initial conditions, especially the fact that Universes that inflate must start out with unnaturally low entropy and the arrow of time are all intertwined into one deep problem. Many proposals have been put forth[7, 8, 22, 24, 25, 31], based either on a more conservative coarse-graining procedure or on more speculative conjectures like the N-bound, holography, causal patch physics, the complementarity principle and anthropic selection. However this puzzle remains one of the deepest mysteries in nature. The aforementioned proposals are succesful when applied to Black Holes but appear problematic when applied to the early Universe.

We take up this issue of initial condition selection in a separate paper[26] and argue that the initial condition problem cannot be meaningfully addressed through thermostatistical arguments when gravitational degrees of freedom are involved. The implicit assumptions of ergodicity and thermal equilibrium in thermostatistics are valid for matter degrees of freedom, hence the successful application to the Black Hole entropy. But these assumptions are most likely incorrect when applied to gravitational degrees of freedom. In Ref.[26] we propose to challenge the ergodicity and equilibrium assumptions and treat the problem of the initial conditions as a dynamical out-of equlibrium phenomenon for the combined sytem of (gravitational+matter) degrees of freedom.

Acknowledgments

R.H. was supported in part by DOE grant DE-FG03-91- ER40682.

[1] H. Firouzjahi, S. Sarangi and S. H. Tye, JHEP 0409, 060 (2004), [arXiv:hep-th/0406107] [2] S. Sarangi and S. H. Tye, [arXiv:hep-th/0505104] [3] L. Mersini-Houghton, Class. Quant. Grav 22, 3481 (2005), [arXiv: hep-th/0504026].

[4] A. Kobakhidze and L. Mersini-Houghton, “Birth of the universe from the landscape of string theory,” [arXiv:hep-th/0410213], (2004).

[5] Bryce S. DeWitt “Quantum Theory of Gravity. I. The Canonical Theory”, Phys. Rev. 160, 1113 (1967).

[6] Hirosi Ooguri, Cumrun Vafa, Erik Verlinde,[arXiv:

hep-th/0502211] (2005).

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

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

[8] L. Smolin, [arXiv:hep-th/0407213].

[9] 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.

[10] S. Kachru, R. Kallosh, A. Linde and S. P. Trivedi, Phys. Rev.

D 68, 046005 (2003) [arXiv:hep-th/0301240].

[11] S. Kachru, R. Kallosh, A. Linde, J. Maldacena, L. McAllister and S. P. Trivedi, JCAP 0310 (2003),[hep-th/0308055].

[12] T. Vachaspati and A. Vilenkin, “On The Uniqueness Of The Tunneling Wave Function Of The Universe,” Phys. Rev. D 37, 898 (1988).

[13] A. Vilenkin, “Approaches to quantum cosmology,” Phys.

Rev. D 50, 2581 (1994) [arXiv:gr-qc/9403010] and references therein.

[14] J. J. Halliwell, “Trajectories for the wave function of the universe from a simple detector model,” Phys. Rev. D 64, 044008 (2001) [arXiv:gr-qc/0008046].

[15] J. J. Halliwell, “Approximate Decoherence of Histories and ’t Hooft’s Deterministic Quantum Phys. Rev. D 63, 085013 (2001) [arXiv:quant-ph/0011103].

[16] D. L. Wiltshire, “An introduction to quantum cosmology,” arXiv:gr-qc/0101003.

[17] A. Linde, Nuovo Cim. Lett. 39 (1984) 401.

[18] J. B. Hartle and S. W. Hawking, “Wave Function Of The Universe,” Phys. Rev. D 28, 2960 (1983).

[19] J. J. Halliwell and S. W. Hawking, Phys. Rev. D 31 8, (1985) [20] G. W. Gibbons and S. W. Hawking, Phys. Rev. D 15 2738 (1977) [21] C. Kiefer Class. Quant. Grav. 4 (1987) 1369.

[22] 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].

[23] L. Dyson, M. Kleban, L. Sussking, JHEP 0210 (2002), arXiv:hep-th/0208013] [24] A. Albrecht and L. Sorbo, Phys. Rev. D 70, 063528 (2004), [arXiv:hep-th/0405270] [25] 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].

[26] R. Holman and Laura Mersini-Houghton, “Why the Universe Started from a Low Entropy State”, in preparation (2005).

[27] Qing-Guo Huang, “Observational Consequences of Quantum Cosmology”, [arXiv:hep-th/0510219] (2005).

[28] Fernando C. Lombardo and Diana Lopez Nacir, “Decoherence during Inflation: the generation of classical inhomogeneities”, Phys. Rev. D72, 063506 (2005).

[29] 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,second edition,(Springer, Berlin, 2003),www.decoherence.de [30] 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) [31] Nima Arkani-Hamed, Savas Dimopoulos, Shamit Kachru, [arXiv: hep-th/0501082] (2005)