arXiv:hep-th/0702182v1 22 Feb 2007

Universe Decay, Inflation and the Large Eigenvalue of the Cosmological Constant Seesaw

Michael McGuigan Brookhaven National Laboratory Upton NY 11973 mcguigan@bnl.gov

Abstract We discuss implications of the large eigenvalue of the cosmological constant seesaw mechanism extending hep-th/0602112 and hep-th/0604108. While the previous papers focused on the small eigenvalue as a cosmological constant associated with the accelerating Universe, here we draw attention to the physical implications of the large eigenvalue. In particular we find that the large eigenvalue can give rise to a period of inflation terminated by Universe decay. The mechanism involves quantum tunneling and mixing and introduces parameters Γ, the decay constant, and θ, the mixing angle. We discuss the cosmological constant seesaw mechanism in the context of various models of current interest including chain inflation, inflatonless inflation, string theory, Universe entanglement and different approaches to the hierarchy problem.

1 Introduction

The cosmological constant is an important physical quantity because a proper understanding of this modification to the traditional Einstein-Hilbert action requires a nonperturbative formulation of quantum gravity (see for example the lucid discussion of [1]). To take a quote from Witten out of context [1]:

”The problem of the vacuum energy or cosmological constant - why it is zero or extremely small by particle physics standards- really only arises in the presence of gravity, since without gravity, we don’t care about the energy of the vacuum. Moreover it is mainly a question about quantum gravity, since classically it would be more or less natural to just decide - as Einstein did- that we do not like the cosmological constant and set it to zero.” (E. Witten (2000))

Thus progress is understanding the cosmological constant is crucial if one wants to move toward the ultimate goal of quantizing gravity. Also increasingly precise measurements of dark energy are consistent with the existence of a nonzero positive cosmological constant. If they turn out to be correct it will be the first experimental measurement of any kind that requires a quantum gravity explanation.

There are many approaches to the cosmological constant problem [2][3][4]. For example anthropic approaches set a anthropic window on it’s value [5][6][7]. In this paper we will discuss a method of relating the value of the cosmological constant to the phenomenon of Universe decay. In doing so it will become clear that quantum gravity is important in such transitions as well as in the cosmological constant problem.

Universe decay is the transition from one Universe to another and involves a parameter Γ which parametrizes an exponential suppression of the transition. The discussions of the phenomena of Universe decay occurred in quantum gravity descriptions of topology change (see for example [8]). Recently Universe decay has been shown to give rise to a type of inflationary model without an inflaton field whose quantitative predictions are similar to a slow-rollover inflationary model [9]. In this paper we will discuss how to incorporate the parameter Γ into the cosmological constant seesaw mechanism of [10] and [11]. We will then discuss the relation to other approaches such as chain inflation [12], tunneling in string theory and Universe entanglement.

The cosmological constant seesaw relation is an inverse relation of the form: λ = c m^8_{EW} m^4_P

which illustrates a multiplicative suppression of the Planck scale cosmological constant. This is different from additive [13][14][15][16] [17][18][19] and exponential suppression [20] approaches to the cosmological constant. Here m_{EW} = 877GeV = 2.995G^{−1/2}_F is related to the electroweak symmetry breaking scale, m_P = (8πG)^{−1/2} = 2.4353 × 10^{18}GeV is the reduced Planck mass and c is a numerical constant. The relation is consistent with the observed value of:

λ = (.316meV )^4

The cosmological constant seesaw relation occurs is several different contexts. The approaches include quintessance [21][22], gravitino seesaw relations via superhiggs interactions [23][24][25][26], Casimir contributions to the vacuum energy [27], vacuum energy expansion in supersymmetry breaking [28], six dimensional supergravity [29][30] and cosmological supersymmetry breaking [31]. In this paper we follow the approach of Motl [32] where the cosmological constant seesaw is treated using a 2 × 2 matrix. This method is less dependent on details of an underlying supersymmetry than some of the other approaches.

Further motivation for the cosmological constant seesaw can be found in traditional particle physics relations that relate low energy to high energy mass scales through inverse multiplicative relationships. One primary example of such a relationship is neutrino mass seesaw relation [33][34]:

m_ν = c_ν m^2_{EW} m_{GUT} (1.1)

Here the large scale in the denominator is approximately m_{GUT} = 10^{15}GeV and yields neutrino masses in the eV range. Another example is the axion mass relationship [35][36]: m_a = c_a F_πm_π F_a/r (1.2)

In the above F_a is a decay constant of the axion and r is a parameter used to normalize it’s kinetic term [36]. Here the large mass scale is taken to be F_a/r = 1.1 × 10^{16}GeV and yields m_a = .00054μeV .

If the cosmological seesaw relation is realized in nature one has a similar relation to (1.1) and (1.2) in that there a multiplicative suppression of the quantity with a large value in the denominator. Unlike the other two relations however the derivation of the cosmological constant seesaw relation from a fundamental point of view has proved very difficult. It is clear that the relation relates high energy with low energy physics. Because of this low energy/high energy connection short distance physics (quantum gravity) plays a major role in a proper understanding of the cosmological constant seesaw relation. The extreme low value of the constant will not be a random occurrence like in a anthropic approach.

For the cosmological constant seesaw the low value of the cosmological constant is a fundamental feature of short or long distance quantum gravity. This approach avoids the objection that low energy quantities like the cosmological constant cannot possibly probe high energies because the dynamics at extreme high energies are insensitive to their values. Rather when one measures low energy quantities such as the neutrino mass, axion mass or cosmological constant one is opening a window into the highest energy scales.

It is important to stress however that despite the similarities to (1.1) and (1.2) the cosmological constant is not a mass term of the traditional form found in particle physics. Indeed λ can be present in the Einstein-Hilbert Lagrangian and the graviton or gravitino can still be massless. Instead what happens is that in the presence of λ the canonical structure of the theory is altered. When one quantizes the theory this modification of the canonical structure manifests itself as a Klein-Gordon type equation of the gravitation field called the Wheeler-DeWitt (WDW) equation. For certain gauge choices or clock variables the λ term will look like a (mass)^2 term in this Klein-Gordon type equation. However there are other clock choices in which it does not. For theories with closed spatial topologies considered in this paper there is no unique notion of time or clock variable. In this respect traditional quantum mechanics loses out to gravity. For example a traditional Schrodinger equation requires that a clock can be defined globally.

We expect however that Universe decay transitions can be described and quantified in any clock variable without any measurable differences. Indeed the WDW equation can be interpreted as the invariance of the wave function of the Universe under the generator of time reparametrization. A stronger treatment than the WDW equation is to use a precise definition of the wave function of the Universe using string theory which is a UV complete theory [37][38]. For technical reasons this is currently limited to unbroken supersymmetry [37][38] or to two and three dimensional nonsupersymmetric models [11].

In [39] Strominger outlined the following cosmological paradigm: Large DeSitter expansion in the early Universe, radiation and matter dominated expansion in the medium-time Universe, and small DeSitter expansion at late times. We will try to implement the paradigm by taking simple model of Universe decay and mixing involving the 2 × 2 matrix representation. In this paper we are mainly interested in positive λ because we want to model an early inflationary Universe and a late-time accelerating Universe ( The case of negative λ is very different and is perhaps best described using the AdS/CF T correspondence). For positive cosmological constant we set Λ = M^2 where: M = ( 0 μ_{12} μ_{12} μ_{22} ) = ( 0 c_{12}m^2_{EW} c_{12}m^2_{EW} c_{22}m^2_P )

The constants c_{12} and c_{22} are parameters defined so that one obtains a reasonable cosmological constant when they are of order one. The physical values of the cosmological constant are determined by the eigenvalues of the cosmological constant matrix and are denoted by λ_{I,II} . These are determined from the eigenvalues of the M matrix μ_{I,II} through: λ_{I,II} = μ^2_{I,II} The eigenvalues of the M matrix are given by:

μ_I =^1_2 (μ_{22} − √ 4μ^2_{12} + μ^2_2) ≈ −^{μ212}_{μ22} ≈ −^{μ212√}_{Λ22} ≈ −^{c212}_{c22}^{m4EW}_{m2P} μ_{II} =^1_2 (μ_{22} + √ 4μ^2_{12} + μ^2_2) ≈ √ Λ_{22} ≈ c_{22}m^2_P

The physical values of the cosmological constant matrix are therefore approximately:

λ_I = μ^2_I ≈^{c412}_{c22}^{m8EW}_{m4P} λ_{II} = μ^2_{II} ≈ c^2_2m^4_P

We shall see in the next section that the solutions to the WDW equation will be dominated by the large eigenvalue at small a, where a is the radius of the Universe. This contribution will be suppressed through a decay factor Γ for large a where the solution is driven by the small eigenvalue, so effectively our description of Universe decay describes a transition from large to small λ.

This paper is organized as follows. In section 2 we describe Universe decay in the context of the cosmological constant seesaw. In section 3 we discuss specific models of Universe decay such as chain inflation and string theory which can be used to calculate the decay constant Γ. In section 4 we discuss how third quantization and Universe entanglement can incorporated into the cosmological constant seesaw in a simplified context of chain inflation involving a four form flux. In section 5 we discuss the relation of the mixing parameter to various approaches to the hierarchy problem. In section 6 we describe the main conclusions of the paper.

2 Universe decay and the cosmological constant seesaw

Consider a simple ansatz where the metric is of the form:

ds^2 = −N^2dt^2 + a^2(e^{2β1} dx^2 + e^{2β2} dy^2 + e^{2β3} dz^2)

and N, a and β_i are all functions of t. The variables β_i satisfy the relation:

β_1 + β_2 + β_3 = 0

This constraint is satisfied by defining new variables β_− and β_+ [40][41][42] through:

β_1 = β_+ + √ 3β_− β_1 = β_+ − √ 3β_− β_3 = −2β_+

Experimentally there is some evidence that the β_i variables are nonzero [43]. If true this means that the Universe has has a slightly oblong shape. Analysis of quadrapole density perturbations indicate [43].

β_1 = (5 × 10^{−5})^1_3 β_2 = (5 × 10^{−5})^1_3 β_3 = (−5 × 10^{−5})^2_3

For our purpose we simply use the β_i variables as a convenient parameter space in which to study Universe decay.

The Friedman equation with vacuum energy density and radiation density is given by: 3m^2_P 1 N^2 ( ȧ a )_2

= λ − m^2_P k a^2 + N_{rad} a^4 + P^2_+ + P^2_− a^6 One can also add a matter term to the Friedmann equation of the form^{Nmatt}_{a3} however as one goes to early times (smaller a) the radiation term is more important than the matter term. In the above P_± are canonically conjugate to the β_± variables. At very early times with large λ or very late times with small λ the cosmological constant term dominates all other terms. In the N = 1 gauge the solution is then: a(t) = a(0)e^{tm−1P} √_{λ/3} (2.1)

When curvature is present the classical dynamics of the a, β_i variables is chaotic and described by the motion of a point in a, β_+, β_− space bouncing off effectively triangular walls induced from a effective potential for the β_i. This effective potential comes from the spatial curvature. In this paper we shall mostly take k = 0 and no spatial curvature. This is consistent with recent data k = H^2a^2(Ω_0 − 1) where H is the Hubble parameter and Ω_0 = 1.02 ± .02 [44][45].

One thing that doesn’t happen classically is that λ does not change and Universe decay does not take place. In particular although the solution to the Friedman equation involves DeSitter expansion, this expansion does not end. So there is no exit from the inflationary phase in this model classically. This point is addressed in section 2 of reference [9].

Quantum mechanically it is less clear that one can cannot exit from the inflationary phase. For example quantum tunneling might occur. However to exit from the inflationary phase one needs a way to change the cosmological constant after some period of large DeSitter expansion to an extremely fine tuned small value that we see today. We shall show that the cosmological constant seesaw together with Universe decay can accomplish this.

First writing the Friedmann equation in terms of canonical momentum we have: m̄^{−2}_P 9a^4

P^2_a = λ − m^2_P k a^2 + N_{rad} a^4 + P^2_+ + P^2_− a^6

Here we have defined: m̄^2_P = 27(2π)^3m^2_P

The Friedmann equation is a classical equation. We don’t expect it to be valid quantum mechanically. One way to turn the Friedmann equation into a statement consistent with quantum mechanics is to introduce the concept of a wave function of the Universe ψ and write the WDW equation: m̄^{−2}_P 9a^4

P^2_a ψ = (λ − m^2_P k a^2 + N_{rad} a^4 + P^2_+ + P^2_− a^6 )ψ

This is second order differential equation. Taking the square root of the differential operator we have the first order equation:

m̄^{−1}_P i∂_a3 ψ = (λ − m^2_P k a^2 + N_{rad} a^4 + P^2_+ + P^2_− a^6

)^{1/2}ψ

For large λ or for small λ and large radius the cosmological constant dominates and we have the solution [46]: ψ = C(a) exp(−i √ λa^3m̄_P ) (2.2)

where C(a) is a coefficient that depends on normal ordering. This wave function corresponds to the classical solution (2.1).

The operation of taking the square root is better done using a Dirac square root method in which case the WDW equation is written:

m̄^{−1}_{P l} ( i∂_a3 a^{−3}P a^{−3}P^∗ i∂_a3 ) ψ = (λ − m^2_P k a^2 + N_{rad} a^4

)^{1/2}ψ

where we have defined P = P_+ + iP_−.

In this form it is easiest to introduce the Matrix square root of Λ and the method of treating Λ as a 2 × 2 matrix. Working for large λ or for small λ and large radius we can omit the N_{rad} and P terms in the equation to obtain:

m̄^{−1}_P i∂_a3 ψ_1 = 0ψ_1 + c_{12}m^2_{EW} ψ_2 m̄^{−1}_P i∂_a3 ψ_2 = c_{22}m^2_P ψ_2 + c_{12}m^2_{EW} ψ_1

The WDW equations for the eigenmodes ψ_{I,II} of the cosmological constant matrix are very simple and are given by:

m̄^{−1}_P i∂_a3 ψ_I = − √ λ_I ψ_I m̄^{−1}_P i∂_a3 ψ_{II} = √ λ_{II} ψ_{II} − i^Γ_{2m̄2P} ψ_{II} We have introduced the Γ parameter which describes the instability of the Universe with the large eigenvalue λ_{II} . We discuss this parameter in more detail in the next section. The solutions to these eigenmode equations are ψ_I = e^{i√λI a3m̄P} ψ_{II} = e^{−i√λII a3m̄P} e^{− Γ}2^{a3/m̄P}

The solutions to the coupled WDW equations are:

ψ_1 =^1 √ λ^{1/2}_I +λ^{1/2}_{II}

(λ^{1/4}_{II} ψ_I + λ^{1/4}_I ψ_{II} )

ψ_2 =^1 √ λ^{1/2}_I +λ^{1/2}_{II}

(−λ^{1/4}_I ψ_I + λ^{1/4}_{II} ψ_{II} )

From the fact that the eigenvalue of the operator P_a on ψ_1 is negative at large a we see that the wave function ψ_1 describes a contracting Universe at large radius. We can use the fact that complex conjugation on a quantum mechanical wave function ψ_c = ψ^∗ will map a contracting to an expanding Universe [46][47] to identify wave functions describing accelerating and inflating phases of the Universe as follows: ψ_{accel} =^1√_{λ1/2} I +λ^{1/2}_{II} (λ^{1/4}_{II} ψ^∗_I + λ^{1/4}_I ψ^∗_{II} ) ψ_{infl} =^1√_{λ1/2} I +λ^{1/2}_{II} (−λ^{1/4}_I ψ_I + λ^{1/4}_{II} ψ_{II} )

Substituting the expression for the eigenvalue and eigenvectors this reduces to:

ψ_{accel} = e^{−i} c212m4EW c22m2 P a^3m̄_P +^{c12m2EW} c_{22}m^2_P e ic_{22}m^2_P a^3m̄_P e−^Γ_2 a^3/m̄_P ψ_{infl} = −^{c12m2EW}_{c22m2P} e^i c212 m4EW c22m2 P a^3m̄_P + e^{−ic22m2}P^{a3m̄P} e^{− Γ}2^{a3/m̄P} which is the result alluded to in the introduction. The important point is that applying quantum mechanics to gravity allows one to introduce a dynamical set of equations that behave as an strongly inflating Universe at early times and an accelerating Universe at late times. The large DeSitter expansion part of the wave function (the second term in ψ_{accel}) dies out after a certain period determined by the inverse of the parameter Γ. We interpret this as the end of inflation. The novel feature is the quantum entanglement of states with two different cosmological constants. It is this feature which differs most strongly the classical cosmology which always has a single cosmological constant.

We define the mixing angle θ by:

sin θ =^{λ1/4I}√_{λ1/2} I +λ^{1/2}_{II} ≈^{c12m2EW} c_{22}m^2_P

cos θ =^{λ1/4II} √ λ^{1/2}_I +λ^{1/2}_{II}

≈ 1 −^1_2^{c212m4EW}_{c22m4P}

The mixed wave functions are then given by:

ψ_1 = cos θψ_I + sin θψ_{II} ψ_2 = − sin θψ_I + cos θψ_{II}

Because the mixing angle θ is so small ψ_1 is nearly a purely accelerating Universe with cosmological constant λ_I while ψ_2 is nearly a purely inflating Universe with cosmological constant λ_{II} . The transition amplitude to start with the inflationary state ψ_2 and end up with the accelerating state ψ_1 is then: ⟨ψ_1| ψ_2, a^3⟩ = sin θ cos θ(e^{−i√λII a3m̄P} e^{−Γa3/2m̄P} − e^{−i√λI a3m̄P} ) the notation indicates that we are using the ψ_2 wave function when the Universe had a volume a^3. The transition probability is then:

P (2 → 1; a^3) = sin^2 θ cos^2 θ(1 − 2e^{−Γa3 /2m̄P} cos(( √ λ_{II} − √ λ_I )a^3m̄_P ) + e^{−Γa3 /m̄P} )

Similarly one can also define transition amplitudes to start with the inflationary state and transit into cosmological constant eigenstates ψ_I or ψ_{II} . These are ⟨ψ_I | ψ_2, a^3⟩ = − sin θe^{−i√λI a3m̄P} ⟨ψ_{II} | ψ_2, a^3⟩ = cos θe^{−i√λII a3m̄P} e^{−Γa3/2m̄P} (2.3)

and the transition probabilities are given by

P (2 → I; a^3) = (sin θ)^2 P (2 → II; a^3) = (cos θ)^2e^{−Γa3/m̄P}

While both of these are very small, the relative probability for transition into the eigenfunction with the small cosmological constant eigenvalue dominates once the Universe expands. This is because of the probability to be in the state with the large eigenvalue is suppressed exponentially by the factor e^{−Γa3 /m̄P} with decay parameter Γ. The solution we have found to the WDW equation with mixing and decay is analogous to the analysis of Gell-Mann and Pais of the K_L and K_S Kaon mixing and decay system [48][49]. Like that analysis we can describe certain general features of the quantum system in terms of three parameters c_{12}, c_{22} and Γ. In the Kaon analogy the short lived Kaon K_S is analogous to the decaying inflationary wave function. The long lived Kaon K_L is analogous to the stable or metastable accelerating wave function which describes our Universe now. To go further one needs specific models of Universe decay some of which we describe in the next section. This is analogous to the need for a more fundamental description of Kaon interactions to derive the parameters the Kaon mass matrix.

In the above we used to solution for zero β_i for simplicity. The solution to the WDW equations with nonzero β_i can also be written down. The main difference is a more complicated form of the eigenfunctions. Instead of a simple exponential in (2.2) one finds a Bessel function solution [8]: ψ = J_{−i|P |}( √ λa^3m̄_P )e^{iP+β++iP−β−} which is an eigenmode of the WDW equation: − 1 m̄^2_P a^6

∂_a3 (a^6∂_a3 ψ) = ( |P |^2 m̄^2_P a^6 + λ)ψ The above solutions involve a specific choice of operator ordering. Other choices lead to different values of C(a) in the the large a expansion of the wave function (2.2).

For the general case with nonzero β_i, N_{rad} and N_{matt} one can use the WKB form of the solutions given by:

ψ = exp ( −im̄_P ∫_a3

a^3_0

dā^3(λ + |P |^2 m̄^2_P a^6 + N_{rad} a^4 + N_{matt} a^3 − m̄^2_P k a^2

)^{1/2}) ) e^{iP+β++iP−β−} Finally for the special case where k = 1 and β_i = 0, N_{rad}, N_{matt} all zero one can express the solutions to the WDW equation in terms of Airy functions [18][46].

3 Universe decay and quantum tunneling

One natural approach to interpret the parameter Γ in the cosmological constant seesaw is quantum tunneling. The parameter Γ in that context is usually expressed as: Γ = Ae^{−B} where B is a decay exponent and A is a prefactor. The form of B depends on the specific model of tunneling in Universe decay.

Tunneling rates are very important in inflationary models. In the old inflationary models single tunneling events achieved sufficient inflation but where incompatible with thermalization and a graceful exit from inflation. In new inflationary models slow roll potentials or a sequence of tunneling events, chain inflation [12], are used have sufficient inflation to solve cosmological problems while still satisfying graceful exit conditions. We discuss some treatments of quantum tunneling using field theory, chain inflation and string theory below. The expressions of the tunneling rate Γ are then included into the WDW semiclassical analysis in the following section.

3.1 Tunneling in field theory

For scalar field theories at zero temperature the decay exponent can be written as [50]:

B = 2π^2 ∫_∞ 0 ρ^3dρ( 1 2 ( dϕ dρ )_2 + U) (3.1)

Where U is an O(4) invariant scalar potential obeying the second order differential equation: d^2ϕ dρ^2 + 3 ρ dϕ dρ = dU dϕ For scalar field theories at nonzero temperature T the decay exponent is [50]: B = 4π T ∫_∞ 0 r^2dr( 1 2 ( dϕ dr )_2 + V )

where V is the O(3) invariant scalar potential obeying the second order differential equation: d^2ϕ dr^2 + 2 r dϕ dr = dV dϕ For a quantum field generalization of the square barrier potential the decay exponent can be computed exactly and gives [51]:

B = 2π^2

(ϕ_I − ϕ_{II} )^4 ( (V_{barrier} − V_I )^{1/3} − (V_{barrier} − V_{II} )^{1/3} )_3

For a quantum field generalization of a triangular barrier potential the decay exponent can also be evaluated exactly to give [51]:

B = 2π^2 3 ( (ϕ_{barrier} − ϕ_I )^2 − (ϕ_{barrier} − ϕ_{II} )^2 )_2 V_{barrier} − V_{II} In these formulae V_{barrier} and ϕ_{barrier} are the height and field value at the barrier potential. V_{I,II} and ϕ_{I,II} are the height and field values to the left and right of the barrier. For more realistic potentials the decay exponent can be evaluated numerically using (3.1).

Another example of Universe decay in field theory is the transition from a Kaluza Klein (KK) vacuum of spatial topology R^3 × S^1 to an uncompactified vacuum with spatial topology R^4. The decay exponent was calculated in [52] with the value: B = π R^2 4G = 2π^2m^2_P R^2

where R is the compactified radius. The KK vacuum can be stabilized if suitable fermionic matter is present [53]. Familiar physical transitions can sometimes be cast in the form of vacuum decay. One example of this is the formation of a small black hole from the quantum instability of hot flat space. The decay exponent in this case is estimated to be [54]: B = 1 16πGT^2 = 1 2 m^2_P T^2 where T is the temperature of hot flat space. Interestingly this type of instability can be investigated using the mathematical techniques of Ricci flow with surgery [55]. The relation of this mathematical technique to a renormalization group sigma model approach to string theory is a subject of great current interest [56][57].

3.2 Chain inflation Chain inflation [12] is a new approach to Universe decay involving a four form flux in which the decay proceeds through a series of discrete steps labeled by a index n each with it’s own decay constant B_n. In this approach one models the dependence of the cosmological constant on a four form flux Q as:

λ(Q) = c_0 + c_1Q^2 + c_2Q^4 + . . .

The flux is quantized in string models and can be parametrized as: Q = qn where n is an integer. The change in the vacuum energy from one step in the chain to an adjacent step is given by:

λ(q(n − 1)) − λ(qn) = −c_1q^2(2n − 1) − c_2q^4(4n^3 − 6n^2 + 4n − 1) + . . .

The decay exponent in chain inflation can be estimated in a thin wall approximation as: B_n =

27π^2 2 τ^4 |λ(q(n − 1)) − λ(qn)|^3 = 27π^2 8 m^4_P q^4 |λ(q(n − 1)) − λ(qn)|^3 where τ =^{1√}_2 qm_P . The decay parameter Γ(Q) is then of the form:

Γ(Q) = Ae^{−Bn} (3.2)

in later sections we find it convenient to divide this by m̄_P to obtain a quantity of dimension mass^3.

The final state after chain inflation is not known. The decay rate for the transitions may slow to a metastable state or one could end up in a final state with vacuum energy c_0. In [12] a chain evolution was described from an initial to final state with vacuum energies: λ_{initial} = 10^{−4}m^4_P λ_{final} = 10^{−80}m^4_P = (24.53MeV )^4

Although this represents a drop in many orders of magnitude from the initial value this is still not small enough to approach the observed value of the vacuum energy. Another important point is that the dependence of the cosmological constant on the flux can be quite complex nonperturbatively as illustrated in the Matrix model calculations of 2d string theory [58].

If the changes in vacuum energy between transitions are small enough, the decrease can be modeled using a time dependent vacuum energy as in the inflatonless inflation approach of [9]. There they find that the vacuum energy depends on time as: λ(t) = λ_0e^{−Γt} Δλ(t) = −ΓΔtλ(t) In the above one divides Γ by m̄^3_P to obtain a quantity of the dimension mass. Recent data indicates that whatever is giving rise to dark energy hasn’t changed much in the history of the Universe [59]. This may constrain time dependent vacuum energy approaches. We discuss further implications of chain inflation and the cosmological constant seesaw in section 4.

3.3 Tunneling in string theory One often hears the statement that the observed values of the cosmological constant is 122 orders of magnitude smaller than the expected value of m^4_P . In a field theoretic context this is not really correct. This is because in field theory one usually assumes a cutoff regularization and calculates λ of order M^4_{cutoff} . If one removes this cutoff this simply diverges so the expected value is actually infinity not something of the order of m^4_P . This creates a problem for the implementation of the cosmological constant seesaw as one actually wants to make use of a large value of the cosmological constant of the order of m^4_P to define the quantity λ_{II} . One then wants to use this large eigenvalue to describe inflation and the small eigenvalue to describe the late time accelerating Universe with eigenvalue of order^{m8EW}_{m4P} .

In string models one can give a rather explicit representation of the cosmological constant as a sum over two dimensional world sheets. On can even use large N methods to define the cosmological constant in string theory nonperturbatively. This allows one to give finite values to the parameters of the cosmological constant seesaw whereas for typical field theories these would be divergent quantities (One exception may be N = 8 supergravity but in that case the vacuum energy vanishes).

Tunneling using moduli potentials in string theory offers an improvement over field theory calculations because the initial and final vacuum energies are finite and well defined. For example consider the O(16) × O(16) string compactified on T^2. Vacuum energies of two local minima and one local maximum of the moduli potential are given by [60][61] :

V_I = λ_{E8×E8} = 0 V_{II} = λ_{O(16)×O(16)×SU3} = .93c^2_2^{.0371}_{(2πα′)4} V_{barrier} = λ_{O(16)×O(16)×SU2 ×SU2} = c^2_2^{.0371}_{(2πα′)4} In the above list we also include the E_8 × E_8 string which has zero vacuum energy and is supersymmetric. Blum and Dienes have found a continuous connection between the E_8 × E_8 theory and the O(16) × O(16) compactified string [62][63]. The subscripts SU(2) × SU(2) and SU(3) indicate an enhanced symetry group that occurs at the corresponding points in moduli space. The parameter c^2_2 is used to normalize the moduli potential V_{II} with respect to the ten dimensional vacuum energy of the O(16) × O(16) uncompactified string which is .0371/(2πα^′ )^5[60]. Dilaton tadpole infared divergences for the compactified O(16) × O(16) theory are troublesome but can be removed by using the Fischler-Susskind mechanism [64][65] and including the effect of the one-loop cosmological constant on the tree level equations of motion [66]. The O(16) × O(16) model represents a simplified context to study tunneling associated with moduli fields. More realistic discussions of moduli potentials, stabilization and inflation in string theory is found in [67].

Recently there has been some interest in nonsupersymmetric string compactifications [68][69]. To this end one can replace the T^2 with K = Σ_g × S^4 where Σ_g is a genus g surface. These compactifications of the O(16) × O(16) string yield an SO(10) grand unified group with chiral matter and a number of generations N_{gen} = |χ(K)| /2 . Using direct sums one can form three generation models with K given by [14][70]:

(S^2 × S^4) ⊕ (S^2 × S^4) (T^2 × S^4) ⊕ (Σ_2 × S^4) (S^2 × S^4) ⊕ (Σ_3 × S^4) (T^2 × S^4) ⊕ (T^2 × S^4) ⊕ (T^2 × S^4) ⊕ (T^2 × S^4)

Compactified spaces such as Σ_2 × S^4 that are nonsimply connected are particularly interesting as the SO(10) group can be further broken through the use of Wilson lines. Although these models are not viable as GUT models because of the large cosmological constant, they may find a place in the cosmological constant seesaw scenario as states associated with the large cosmological constant eigenvalue.

4 Third quantization and Universe entanglement

Recall that there are three fairly distinct application areas of string models (besides mathematics):

1) Grand unification and gravity. 2) String gauge theory correspondence.

3) 2d quantum gravity model of topology change and quantum cosmology. While some have questioned the quantitative relevance of 1) and 2) [71][72] few people who have thought about nonperturbative quantum gravity would say that 3) did not yield some thought provoking insights [73][74][75]. Recall that the first large N Matrix string correspondence occurred in studies of nonperturbative 2d quantum gravity. The ideas of many Universe Hilbert space and third quantization also came from the string field theory approach to the 2d world sheet.

Of course as with any toy model 3) has limitations (no gravitons in 2d for example) but the third quantized 2d gravity approach furnishes at least one answer to the question ”What is string theory?” [76] albeit only for specific backgrounds. In physics extended objects are typically realized as being made of something (protons are made up of quarks and gluons for example) so a natural question is what are strings made of? The 2d gravity approach answers this question by saying they are spacial slices of a 2d spacetime in 2d quantum gravity. One doesn’t need to ask what empty space is made of (e.g. mechanical models of the aether) so the conceptual question of what strings are made of is handled in a simple geometrical way in the 2d gravity approach.

The third quantized baby Universe ideas which originally came from attempts to generalize 3) to higher dimensions have recently resurfaced in new approaches to exact wave functions of the Universe calculated from string theory. When gravity backgrounds have duals described by free fermion Fock spaces the wave function of the Universe can be shown to be a coherent sum of contributions which corresponds to a ensemble of gravity duals [77][78][79][80][81]. Specific examples in [81] are given in which one has a fermionic description of a large N 2d YM holographic dual to an ensemble of manifolds of the form AdS_2 × S^2 × CY_6 with different fluxes. Because of the coherent sum these are said to be examples of baby Universe entanglement.

One of the simplest contexts in which to introduce Universe entanglement is 4d gravity coupled to a four form. In this case the Friedmann equation is:

3m^2_P ȧ^2 N^2a^2

= λ + Ȧ2 N^2a^6

Here we define the quantity A = ∫ A_{ijk}dx^idx^j dx^k which is canonically conjugate to the four form charge. The WDW equation is: −m̄^{−2}_P ∂^2 ∂(a^3)^2 ψ = (λ + Q^2)ψ

Where Q is the four form flux. The simplicity comes from the fact that a four form field strength has no physical degrees of freedom in 4d. In fact the WDW equation is the same as for ordinary 4d gravity with a Q dependent cosmological constant. In string theory this Q dependence can be quite intricate. Here we consider only the quadratic dependence coming from the tree level Lagrangian.

The WDW equation associated with chain inflation with four form flux Q has the WKB solution: ψ_Q = e^{−i} √_{Q2+λa3m̄P} e^{iQA} One can also form superposition of such solutions given by: ψ(a, A) = ∑ Q (α_Qe^{−i} √_{Q2+λa3m̄P} + α^+_{−Q}e^i √_{Q2+λa3m̄P} )e^{iQA}

As a wave function of this form is a linear combination wave functions associated with λ_Q we say that this is an entangled state of Universes each with a different value of λ_Q = λ + Q^2. If one thinks of λ_Q as a cosmological constant then a state of this form has no definite cosmological constant, although it is still physical and satisfies the WDW equation. It is probably better to think of Q as a canonical momentum in the space of three forms A_{123}. In that case one can define a cosmological constant associated with this superimposed state as λ(Q = 0) = λ. This is analogous to how one can define mass from E^2 = P^2 + M^2 evaluated at P = 0. It is easy to incorporate the quantization of fluxes into the wave function. This follows if the theory is periodic in the A variable.

Our previous treatment of the cosmological constant seesaw was based on an application of the quantum mechanical treatment of mixing similar to that used by Gell-Mann and Pais for the Kaon system. A quantum field description of mixing has been developed in [82][83]. This gives a modification to the mixing formula associated with the fact that the wave function is treated as an operator and is second quantized. To apply this quantum field formalism to the cosmological constant seesaw and the WDW equation one third quantizes the theory.

Third quantization is introduced into the superposition wave function by letting the α_Q coefficients become operators which satisfy the commutation relations: [α_Q, α^+_Q′ ] = δ_{Q,Q}′

The eigenfunctions then become operators of the form: ψ_I (a, A) = ∑ Q (α_{Q,I} e^{−i} √_{Q2+λI a3m̄P} + α^+_{−Q,I} e^i √_{Q2+λI a3m̄P} )e^{iQA}e^{−ΓI (Q)a3 /2} ψ_{II} (a, A) = ∑ Q (α_{Q,II} e^{−i} √_{Q2+λII a3m̄P} + α^+_{−Q,II} e^i √_{Q2+λII a3m̄P} )e^{iQA}e^{−ΓII (Q)a3/2} In the above we also include the decay constants of chain inflation (Γ(Q) from formula (3.2)) in the wave function of the Universe. The mixed operators are defined in terms of the above expansion and are given by:

α_{Q,1}(a^3) = cos θα_{QI} e^{−ΓI (Q)a3 /2} + sin θ(u^∗_Q(a^3)α_{Q,II} + v_Q(a^3)α_{−Q,II} )e^{−ΓII (Q)a3/2} α_{Q,2}(a^3) = cos θα_{Q,II}e^{−ΓII (Q)a3/2} − sin θ(u_Q(a^3)α_{Q,I} + v^∗_Q(a^3)α^+_{−Q,I} )e^{−ΓI (Q)a3/2}

where we have used the definition of the mixing angle θ from section 2 and have defined:

u_Q(a^3) =^1_2 (√_{ΩQI} Ω_{QII} +

√_Ω QII Ω_{QI} ) e^{i(ΩQII −ΩQI )a3} v_Q(a^3) =^1_2 (√_{ΩQI} Ω_{QII} − √_{ΩQII} Ω_{QI} ) e^{i(ΩQII +ΩQI )a3} as well as Ω_{QI} = m̄_P √ Q^2 + λ_I Ω_{QII} = m̄_P √ Q^2 + λ_{II} The third quantized mixing probability is analogous to the quantum field mixing equations in [82][83]. They are given by:

P (2 → 1; a^3, Q) = | | |[α_{Q,2}(a^3), α^+_{Q,1}(0)] | | |^2 − | | |[α^+_{−Q,2}(a^3), α^+_{Q,1}(0)] | | |^2

Using the commutation relations this becomes:

P (2 → 1; a^3, Q) = (sin θ cos θ)^2(e^{−ΓI (Q)a3} + e^{−ΓII (Q)a3} − 2e^{−(ΓI (Q)+ΓII (Q))a3 /2} cos((Ω_{QI} − Ω_{QII} )a^3)) −4 |v_Q|^2 (sin θcosθ)^2 sin(Ω_{QI} a^3) sin(Ω_{QII} a^3)e^{−(ΓI (Q)+ΓII (Q))a3 /2}

(4.1) The third quantized modification to the usual mixing formula is proportional to the quantity v^2_Q in the last term. This takes a maximum value given by:

v^2_{max} = 1 4 (λ^{1/2}_{II} − λ^{1/2}_I )^2

λ^{1/2}_I λ^{1/2}_{II} ≈ c^2_2m^4_P 4c^2_{12}m^4_{EW}

This is extremely large and effectively cancels the small factor (sin θ)^2 in the last term of (4.1). Thus the third quantized description of Universe mixing in the cosmological constant seesaw is characterized by a very small mixing angle and a very large third quantized modification to the quantum mixing equation. This is consistent with previous studies which found large third quantized corrections to uncertainty relations in the early Universe [84][85][86]. The quantum mixing formula provides a bridge between early Universe phenomena and the low energy experimental measurement of the cosmological constant. In the Kaon analogy the Kaon mixing provides a bridge between low energy meson wave functions and high mass states like the W boson or top quark. The cosmological constant seesaw may provide a similar high energy/low energy relation for the gravitational interactions.

5 Mixing angle and the hierarchy problem

Although there are many approaches to to calculating the Universe decay constant Γ as we discussed in section 3, much less is known about the mixing angle θ. Because sinθ ≈^{c12m2EW}_{c22m2P} the small value of θ reduces to why is m_{EW} /m_P so small which is the electroweak/gravitation hierarchy problem. Popular approaches to this problem are warped extra dimensions [87] and M-theory compactifications with G_2 holonomy [88]. In both approaches there exist two sectors of the theory, the T eV brane and the Planck brane in the warped extra dimension case, or the unbroken supersymmetry sector and hidden supersymmetry breaking sector in the M-theory compactification case. If one identifies the wave functions of these two sectors with the states ψ_1 and ψ_2 then it is reasonable to connect the mixing parameter to the small hierarchy ratio in some manner.

In the brane-world approach to the hierarchy problem the Friedmann equation is modified to [89][90]:

3m^2_P ȧ^2 a^2

= λ + ρ + ρ^2 1 2τ + N_{dark−rad} a^4

(5.1)

where τ is the brane tension, ρ is the energy density and N_{dark−rad}/a^4 is the dark radiation energy density. The five dimensional bulk cosmological constant λ_{5d} is related to the four dimensional cosmological constant λ through the relation [89]: λ m^2_P = 4π m^3_5

(λ_{5d} +

4πτ^2 3m^3_5

) (5.2)

Where m_5 is the five dimensional T eV mass scale which is applied to the gauge hierarchy problem. This five dimensional scale is related to the brane tension through the formula [89]: m_5 = τ^{1/6}( √ 8πm_P )^{1/3}

If one imposes the cosmological seesaw relation using this scale m_5 one has : λ = c m^8_5 m^4_P

Finally solving (5.2) for the bulk 5d cosmological constant and using the above to write the τ and λ dependence on m_5 only, we have:

λ_{5d} = − 1 144π m^9_5 m^4_P + c 4π m^{11}_5 m^6_P

The basic point is that in the brane-world scenario the 5d cosmological constant is not of the form m^{10}_5 /m^5_P as would have been obtained by imposing the cosmological constant seesaw relation in 5d. Instead one imposes the relation in the 4d sense using the modified Friedmann equation (5.1). Also in the G_2 holonomy approach to the hierarchy problem one always has one or more four forms from the dimensional reduction of 11d supergravity whose bosonic sector has a four form. This fits well with the chain inflation scenario discussed in section 3 and 4. Again in this approach one imposes the cosmological seesaw relation in 4d. In 11d the four form is dynamical so that the analysis of the flux dependence on the WDW wave function is much more complicated.

One can also turn the problem around and say that the parameter sinθ is the overlap between two states ⟨ψ_I | ψ_2, a^3⟩ from formula (2.3) and these overlaps are expected to be very small for states with different topology or field content. In 2 + 1 dimensional gravity overlaps can be calculated from the initial and final topological data and are exponentially small [91][92][93]. If the state ψ_1 is supersymmetric and ψ_2 is nonsupersymmetric then the only way the ψ_1 state involves nonsupersymmetric effects is through the mixing. Then the mass hierarchy is understood as arising from the small mixing angle rather than the other way around. String/M-theory seems to allow the possibility of such overlaps or mixing between theories of different types. There are two basic approaches to mixing in string/M-theory (1) cosmological unification of string theory [94] and (2) large-N dual cosmology [95]. In the first approach a transition between the 0A and bosonic string has been recently demonstrated through the use of tachyonic T field background which depends on a lightcone coordinate[94]. In the second approach a transition between the 0A 2d string and the 0B 2d string was accomplished through an intermediate 3d M-theory state using a time dependent Fermi surface formulation of the dual theory [96][11].

In both approaches to transitions in string theory time dependence plays a key role. To introduce time dependence first consider the static AdS^5 metric written in the form: ds^2 = 1 w^2

(−dt^2 + dx^2 + dy^2 + dz^2 + dw^2) (5.3)

In [97] a deformation of this metric was considered by introducing functions N, a, β_i and modifying (5.3) to be:

ds^2 = 1 w^2

(−N^2(w, t)dt^2 + a^2(w, t)(e^{2β1 (w,t)}dx^2 + e^{2β2(w,t)}dy^2 + e^{2β3(w,t)}dz^2) + dw^2)

This form is very similar to the initial cosmological ansatz we used in section 2 except for the dependence of the fifth coordinate w. Because of the warping factors the variables a, β_i don’t obey the usual Einstein equations and instead one has a modified Kasner evolution following from the 5d gravity equations [97]. The Kasner evolution in the gravity description is related to elliptic flow in the dual gauge theory [97]. The basic advantage of the dual gauge description is that if the Kasner evolution hits a singularity the dual gauge description could still be valid [98][99]. Also if one twists some of the tori one has a dual gauge description with broken supersymmetry. This is mathematically similar to treating the dual gauge theory at finite temperature. The time dependence means that the (in) and (out) values of the cosmological constant could be different. The dual gauge description can in principle yield a nonperturbative description of cosmological transitions and the mixing parameter in string theory.

6 Conclusions

In this paper we have extended the discussion of the cosmological constant seesaw to include the large eigenvalue. We find that the large eigenvalue gives rise to a period of inflation terminated by Universe decay and involves a decay parameter Γ and a mixing parameter θ. We examined the cosmological constant seesaw in the context of several models of current interest including chain inflation, inflatonless inflation, string theory and Universe entanglement. While the decay parameter can be calculated in several cosmological models the mixing parameter is more subtle and is related the electroweak/gravity mass hierarchy problem. It may be possible to turn the problem around and argue that the mass hierarchy is so small because vacuum mixing is inherently a classically forbidden process with very small probability. Although semiclassical WDW methods used in this paper are limited, large N methods may be able to quantitatively describe such transitions nonperturbatively, perhaps even in regions where the spacetime becomes singular. Finally as the large eigenvalue leads to a period of inflation it would be interesting to examine the pattern of density perturbations induced by the model. One may suspect that the pattern would be similar to that from inflatonless inflation or chain inflation, however as we saw in examining the probability of transition to the accelerating state, there may be large third quantized corrections in the early Universe.

Acknowledgments

I wish to thank Chiara Nappi and Tom Banks for useful discussions. I would also like to thank Aaron Bergman, Jim Bogan, Lubos Motl and Sean Carroll for valuable suggestions and/or blog postings related to this topic.

References

[1] E. Witten, “The cosmological constant from the viewpoint of string theory,” [arXiv:hep-ph/0002297].

[2] S. Weinberg, “The cosmological constant problems,” arXiv:astro-ph/0005265.

[3] S. M. Carroll, “The cosmological constant,” Living Rev. Rel. 4, 1 (2001) [arXiv:astro-ph/0004075].

[4] J. Polchinski,

“The cosmological constant and the string landscape,” arXiv:hep-th/0603249.

[5] S. Weinberg, “Living in the multiverse,” arXiv:hep-th/0511037.

[6] S. Weinberg, “Anthropic bound on the cosmological constant,” Phys. Rev.

Lett. 59, 2607 (1987).

[7] T. Banks, “T C P, Quantum Gravity, The Cosmological Constant And All That..,” Nucl. Phys. B 249, 332 (1985).

[8] M. McGuigan, “Universe decay and changing the cosmological constant,” Phys. Rev. D 41, 418 (1990).

[9] S. Watson, M. J. Perry, G. L. Kane and F. C. Adams, “Inflation without inflaton(s),” arXiv:hep-th/0610054.

[10] M. McGuigan,

“Cosmological constant seesaw in quantum cosmology,” arXiv:hep-th/0602112.

[11] M. McGuigan, “Cosmological constant seesaw in string/M-theory,” arXiv:hepth/0604108.

[12] K. Freese, J. T. Liu and D. Spolyar, “Chain Inflation via Rapid Tunneling in the Landscape,” arXiv:hep-th/0612056.

[13] M. J. Duff and P. van Nieuwenhuizen, “Quantum Inequivalence Of Different Field Representations,” Phys. Lett. B 94, 179 (1980).

[14] E. Witten, ”Fermion quantum numbers in Kaluza-Klein theory”, Proceedings Shelter Island, (1983).

[15] M. Henneaux and C. Teitelboim, “The Cosmological Constant As A Canonical Variable,” Phys. Lett. B 143, 415 (1984).

[16] J. D. Brown and C. Teitelboim, “Dymanical neutralization of the cosmological constant,” Phys. Lett. B 195, 177 (1987).

[17] M. J. Duncan and L. G. Jensen, “Four Forms And The Vanishing Of The Cosmological Constant,” Nucl. Phys. B 336, 100 (1990).

[18] M. J. Duncan and L. G. Jensen, “A New mechanism for neutralizing the cosmological constant,” Nucl. Phys. B 361, 695 (1991).

[19] R. Bousso and J. Polchinski, “Quantization of four-form fluxes and dynamical neutralization of the cosmological constant,” JHEP 0006, 006 (2000) [arXiv:hep-th/0004134].

[20] P. Svrcek, “Cosmological constant and axions in string theory,” arXiv:hepth/0607086.

[21] N. Arkani-Hamed, L. J. Hall, C. F. Kolda and H. Murayama, “A New Perspective on Cosmic Coincidence Problems,” Phys. Rev. Lett. 85, 4434 (2000) [arXiv:astro-ph/0005111].

[22] Z. Chacko, L. J. Hall and Y. Nomura, “Acceleressence: Dark energy from a phase transition at the seesaw scale,” JCAP 0410, 011 (2004) [arXiv:astroph/0405596].

[23] R. Barbieri, S. Ferrara and D. V. Nanopoulos, “Hierarchy Of Supersymmetries And The Light Gravitino Mass,” Phys. Lett. B 107, 275 (1981).

[24] P. Fayet, “Weak Interactions Of A Light Gravitino: A Lower Limit On The Gravitino Mass From The Decay Psi → Gravitino Anti-Photino,” Phys. Lett. B 84, 421 (1979).

[25] M. Ibe, K. Tobe and T. Yanagida, “A gauge-mediation model with a light gravitino of mass O(10)-eV and the messenger dark matter,” Phys. Lett. B 615, 120 (2005) [arXiv:hep-ph/0503098].

[26] P. Fayet, “Lower Limit On The Mass Of A Light Gravitino From E+ E- Annihilation Experiments,” Phys. Lett. B 175, 471 (1986).

[27] P. Chen, “Dark energy and the hierarchy problem,” arXiv:hep-ph/0611378.

[28] G. Chalmers, “Realistic cosmological constant,” arXiv:physics/0510269.

[29] Y. Aghababaie, C. P. Burgess, S. L. Parameswaran and F. Quevedo, “Towards a naturally small cosmological constant from branes in 6D supergravity,” Nucl. Phys. B 680, 389 (2004) [arXiv:hep-th/0304256].

[30] C. P. Burgess, “Towards a natural theory of dark energy: Supersymmetric large extra dimensions,” Phys. Rev. D 66, 010001 (2002) arXiv:hepth/0411140.

[31] T. Banks, “Cosmological breaking of supersymmetry or little Lambda goes back to the future. II,” arXiv:hep-th/0007146.

[32] L. Motl,

http://motls.blogspot.com/2005/12/cosmological-constant-seesaw.html

[33] P. Ramond, “Neutrinos: A glimpse beyond the standard model,” Nucl. Phys.

Proc. Suppl. 77, 3 (1999) [arXiv:hep-ph/9809401].

[34] P. Langacker and B. D. Nelson, “String-inspired triplet see-saw from diagonal embedding of SU(2)L in SU(2)A x SU(2)B,” Phys. Rev. D 72, 053013 (2005) [arXiv:hep-ph/0507063].

[35] F. Wilczek, “Problem Of Strong P And T Invariance In The Presence Of Instantons,” Phys. Rev. Lett. 40, 279 (1978).

[36] P. Svrcek and E. Witten, “Axions in string theory,” JHEP 0606, 051 (2006) [arXiv:hep-th/0605206].

[37] H. Ooguri, C. Vafa and E. P. Verlinde, “Hartle-Hawking wave-function for flux compactifications,” Lett. Math. Phys. 74, 311 (2005) [arXiv:hep-th/0502211].

[38] S. Gukov, K. Saraikin and C. Vafa, “A stringy wave function for an S**3 cosmology,” Phys. Rev. D 73, 066009 (2006) [arXiv:hep-th/0505204].

[39] A. Strominger, “Inflation and the dS/CFT correspondence,” JHEP 0111, 049 (2001) [arXiv:hep-th/0110087].

[40] C. W. Misner, “Mixmaster Universe,” Phys. Rev. Lett. 22, 1071 (1969).

[41] K. V. Kuchar and M. P. Ryan, “Is minisuperspace quantization valid?: Taub in mixmaster,” Phys. Rev. D 40, 3982 (1989).

[42] J. K. Erickson, D. H. Wesley, P. J. Steinhardt and N. Turok, “Kasner and mixmaster behavior in Universes with equation of state w ≥ 1,” Phys. Rev. D 69, 063514 (2004) [arXiv:hep-th/0312009].

[43] L. Campanelli, P. Cea and L. Tedesco, “Ellipsoidal Universe Can Solve The CMB Quadrupole Problem,” Phys. Rev. Lett. 97, 131302 (2006) [Erratumibid. 97, 209903 (2006)] [arXiv:astro-ph/0606266].

[44] M. J. Reboucas, “Constraints on the cosmological density parameters and cosmic topology,” arXiv:astro-ph/0605214.

[45] R. J. Adler and J. M. Overduin, Gen. Rel. Grav. 37, 1491 (2005) [arXiv:grqc/0501061].

[46] A. Vilenkin, “Approaches to quantum cosmology,” Phys. Rev. D 50, 2581 (1994) [arXiv:gr-qc/9403010].

[47] A. Buonanno, M. Gasperini, M. Maggiore and C. Ungarelli, “Expanding and contracting Universes in third quantized string cosmology,” Class. Quant. Grav. 14, L97 (1997) [arXiv:hep-th/9701146].

[48] M. Gell-Mann and A. Pais, “Behavior of neutral particles under charge conjugation,” Phys. Rev. 97, 1387 (1955).

[49] R. P. Feynman,R.B. Leighton, M. Sands, “Feynman lectures on physics: Vol III,”(1965).

[50] M. Sher, “Electroweak Higgs Potentials And Vacuum Stability,” Phys. Rept.

179, 273 (1989).

[51] M. J. Duncan and L. G. Jensen, “Exact tunneling solutions in scalar field theory,” Phys. Lett. B 291, 109 (1992).

[52] E. Witten, “Instability Of The Kaluza-Klein Vacuum,” Nucl. Phys. B 195, 481 (1982).

[53] M. A. Rubin and B. D. Roth, “Fermions And Stability In Five-Dimensional Kaluza-Klein Theory,” Phys. Lett. B 127, 55 (1983).

[54] D. J. Gross, M. J. Perry and L. G. Yaffe, “Instability Of Flat Space At Finite Temperature,” Phys. Rev. D 25, 330 (1982).

[55] M. Headrick and T. Wiseman, “Ricci flow and black holes,” Class. Quant.

Grav. 23, 6683 (2006) [arXiv:hep-th/0606086]. [56]

[56] I. Bakas, D. Orlando and P. M. Petropoulos, “Ricci flows and expansion in axion-dilaton cosmology,” JHEP 0701, 040 (2007) [arXiv:hep-th/0610281].

[57] A. A. Tseytlin, “On sigma model RG flow, ’central charge’ action and Perelman’s entropy,” arXiv:hep-th/0612296.

[58] J. M. Maldacena and N. Seiberg, “Flux-vacua in two dimensional string theory,” JHEP 0509, 077 (2005) [arXiv:hep-th/0506141].

[59] A. G. Riess et al., “New Hubble Space Telescope Discoveries of Type Ia Supernovae at z > 1: Narrowing Constraints on the Early Behavior of Dark Energy,” arXiv:astro-ph/0611572.

[60] P. H. Ginsparg and C. Vafa, “Toroidal compactifications of nonsupersymmetric heterotic strings,” Nucl. Phys. B 289, 414 (1987).

[61] V. P. Nair, A. D. Shapere, A. Strominger and F. Wilczek, “Compactification of the twisted heterotic string,” Nucl. Phys. B 287, 402 (1987).

[62] J. D. Blum and K. R. Dienes, “Strong/weak coupling duality relations for non-supersymmetric string theories,” Nucl. Phys. B 516, 83 (1998) [arXiv:hepth/9707160].

[63] J. D. Blum and K. R. Dienes, “Duality without supersymmetry: The case of the SO(16) x SO(16) string,” Phys. Lett. B 414, 260 (1997) [arXiv:hepth/9707148].

[64] W. Fischler and L. Susskind, “Dilaton Tadpoles, String Condensates And Scale Invariance,” Phys. Lett. B 171, 383 (1986).

[65] W. Fischler and L. Susskind, “Dilaton Tadpoles, String Condensates And Scale Invariance. 2,” Phys. Lett. B 173, 262 (1986).

[66] C. G. . Callan, C. Lovelace, C. R. Nappi and S. A. Yost, “String Loop Corrections To Beta Functions,” Nucl. Phys. B 288, 525 (1987).

[67] M. Berg, M. Haack and B. Kors, “Loop corrections to volume moduli and inflation in string theory,” Phys. Rev. D 71, 026005 (2005) [arXiv:hep-th/0404087].

[68] K. R. Dienes, “Statistics on the heterotic landscape: Gauge groups and cosmological constants of four-dimensional heterotic strings,” Phys. Rev. D 73, 106010 (2006) [arXiv:hep-th/0602286].

[69] M. Dine, A. Morisse, A. Shomer and Z. Sun, “IIA moduli stabilization with badly broken supersymmetry,” arXiv:hep-th/0612189.

[70] M. B. Green, J. H. Schwarz and E. Witten, “Superstring Theory. Vol. 2: Loop Amplitudes, Anomalies And Phenomenology,”

[71] P. Woit, “Not Even Wrong: The Failure Of String Theory & The Continuing Challenge To Unify The Laws Of Physics,” London, UK: Cape (2006) 290 p

[72] L. McLerran, ”Theory Summary:Quark Matter 2006” arXiv:hep-ph/0702004 (2007).

[73] J. Polchinski, “A two dimensional model for quantum gravity,” Nucl. Phys. B 324, 123 (1989).

[74] A. R. Cooper, L. Susskind and L. Thorlacius, “Two-dimensional quantum cosmology,” Nucl. Phys. B 363, 132 (1991).

[75] B. C. Da Cunha and E. J. Martinec, “Closed string tachyon condensation and worldsheet inflation,” Phys. Rev. D 68, 063502 (2003) [arXiv:hep-th/0303087].

[76] J. Polchinski, “What is string theory?,” arXiv:hep-th/9411028. [77] D. Brill, “Splitting of an extremal Reissner-Nordstrom throat via quantum tunneling,” Phys. Rev. D 46, 1560 (1992) [arXiv:hep-th/9202037].

[78] S. J. Rey, “Holographic principle and topology change in string theory,” Class.

Quant. Grav. 16, L37 (1999) [arXiv:hep-th/9807241].

[79] J. M. Maldacena and L. Maoz, “Wormholes in AdS,” JHEP 0402, 053 (2004) [arXiv:hep-th/0401024].

[80] R. Dijkgraaf, R. Gopakumar, H. Ooguri and C. Vafa, “Baby Universes in string theory,” Phys. Rev. D 73, 066002 (2006) [arXiv:hep-th/0504221].

[81] M. Aganagic, H. Ooguri and T. Okuda, “Quantum entanglement of baby Universes,” arXiv:hep-th/0612067.

[82] M. Blasone, A. Capolupo, O. Romei and G. Vitiello, “Quantum field theory of boson mixing,” Phys. Rev. D 63, 125015 (2001) [arXiv:hep-ph/0102048].

[83] A. Capolupo, “Aspects of particle mixing in quantum field theory,” arXiv:hepth/0408228.

[84] S. Abe, “Fluctuations around the Wheeler-DeWitt trajectories in third quantized cosmology,” Phys. Rev. D 47, 718 (1993).

[85] T. Horiguchi, “Uncertainty relation in a third quantized Universe,” Phys. Rev.

D 48, 5764 (1993).

[86] H. J. Pohle, “Coherent states and Heisenberg uncertainty relation in a third quantized minisuperspace,” Phys. Lett. B 261, 257 (1991).

[87] L. Randall, “Warped Passages: Unraveling The Mysteries Of The Universe’s Hidden Dimensions,”(2005) New York, USA: Ecco (2005) 499 p

[88] B. Acharya, K. Bobkov, G. Kane, P. Kumar and D. Vaman, “An M theory solution to the hierarchy problem,” Phys. Rev. Lett. 97, 191601 (2006) [arXiv:hep-th/0606262].

[89] R. Maartens, D. Wands, B. A. Bassett and I. Heard, “Chaotic inflation on the brane,” Phys. Rev. D 62, 041301 (2000) [arXiv:hep-ph/9912464].

[90] T. Shiromizu, K. i. Maeda and M. Sasaki, “The Einstein equations on the 3-brane world,” Phys. Rev. D 62, 024012 (2000) [arXiv:gr-qc/9910076].

[91] E. Witten, “Topology changing amplitudes in (2+1) dimensional gravity,” Nucl. Phys. B 323, 113 (1989).

[92] S. Carlip and S. P. De Alwis, “Wormholes in (2+1)-dimensions,” Nucl. Phys.

B 337, 681 (1990).

[93] S. Carlip and R. Cosgrove, “Topology change in (2+1)-dimensional gravity,” J. Math. Phys. 35, 5477 (1994) [arXiv:gr-qc/9406006].

[94] S. Hellerman and I. Swanson, “Cosmological unification of string theories,” arXiv:hep-th/0612116.

[95] D. Bak, “Dual of big-bang and big-crunch,” Phys. Rev. D 75, 026003 (2007) [arXiv:hep-th/0603080].

[96] P. Horava and C. A. Keeler, “Noncritical M-theory in 2+1 dimensions as a nonrelativistic Fermi liquid,” arXiv:hep-th/0508024.

[97] S. J. Sin, S. Nakamura and S. P. Kim, “Elliptic flow, Kasner Universe and holographic dual of RHIC fireball,” JHEP 0612, 075 (2006) [arXiv:hepth/0610113].

[98] E. J. Martinec, D. Robbins and S. Sethi, “Toward the end of time,” JHEP 0608, 025 (2006) [arXiv:hep-th/0603104].

[99] J. H. She, “A matrix model for Misner Universe,” JHEP 0601, 002 (2006) [arXiv:hep-th/0509067].