arXiv:gr-qc/0611055v2 5 Jan 2007

Cosmological Constant Problems and Renormalization Group

Ilya L. Shapiro^a ‡, Joan Solà^b §

(a) Departamento de Física – ICE, Universidade Federal de Juiz de Fora, MG, Brazil (b) Dep. E.C.M. Universitat de Barcelona, and C.E.R. for Astrophysics, Particle Physics and Cosmology, ‖, Diagonal 647, Barcelona, Catalonia, Spain

Abstract. The Cosmological Constant Problem emerges when Quantum Field Theory is applied to the gravitational theory, due to the enormous magnitude of the induced energy of the vacuum. The unique known solution of this problem involves an extremely precise fine-tuning of the vacuum counterpart. We review a few of the existing approaches to this problem based on the account of the quantum (loop) effects and pay special attention to the ones involving the renormalization group.

1. Introduction

There are two main reasons for introducing the cosmological constant, one theoretical and one experimental. The theoretical reason is that there are many distinct sources of the cosmological constant (CC) in Quantum Field Theory (QFT) and Particle Physics. Below we shall discuss some of them. The experimental/observational evidence of an accelerated expansion of the universe comes from the type-Ia supernova observations [1], from the CMB data [2] and also from the available rich information about the galaxy distribution [3]. Usually the nonzero vacuum energy is referred to as Dark Energy (DE), because it does interact with the matter content of the universe only gravitationally and its ultimate nature is unknown. There are many candidates to play the role of DE (e.g. quintessence or phantom energy [4, 5]), but due to the mentioned theoretical arguments, the CC is the main candidate for the role of DE. However the situation is spoiled by the CC problems, including the problem of fine-tuning [6] and the related coincidence problem [7]. One can easily identify these problems as a hierarchy problems arising due to the enormous scale difference between large scale gravitational physics (cosmology) and the short scale characteristic of high energy particle physics – see [8] for a detailed discussion. In this situation even very small quantum corrections to the CC may be relevant and, in principle, lead to a certain observable consequences. Indeed, the renormalization group (RG) is the most economic way to parametrize these

‡ Also at Tomsk State Pedagogical University, Tomsk, Russia; electronic address: shapiro@fisica.ufjf.br § Electronic address: sola@ifae.es

quantum corrections and investigate their phenomenological impact. The purpose of this short review is to put together a few different approaches to the CC problem based on the renormalization group. The review is mainly based on the original papers [8, 9, 10, 11, 12].

2. Why do we need CC in QFT?

There are two sources of the vacuum energy which have essentially distinct origin. One of them is the classical gravitational action. Besides the Einstein-Hilbert term, this action can include additional terms, both local and non-local. The simplest of them is the CC. If we consider the quantum theory of matter fields on the classical gravitational background, the consistency requirement is that the action of vacuum has the form (see, e.g. [13, 14]) S_{vac} = S_{EH} + S_{HD}, where S_{EH} = − ∫ d^4x √ −g { 1 16πG_{vac} R + Λ_{vac} } , (1)

and S_{HD} include fourth derivative terms¶. Without any of the mentioned terms (in particular the Λ term) the theory is not renormalizable [15]. When looking at the typical cosmic scale energy, it seems that the UV divergences are irrelevant. The cosmic scale energy can be characterized by the Hubble parameter H_0 ∼ 10^{−42}GeV , which is about 30 orders of magnitude smaller that the mass m_ν of the lightest neutrino or that the energy of the relic radiation photon. However, the action of vacuum should be the same at all periods of the history of the universe, including the very early epoch when the Hubble parameter was much greater and UV divergences become a serious problem if the theory would be non-renormalizable.

The cosmological term is thus an unavoidable element of the vacuum action (1), meaning that if the DE is modeled in alternative ways (e.g. through quintessence) the contribution from the CC term is always there and must necessarily be taken into account [8]. The natural question is what is the natural magnitude of the vacuum CC. In order to address this problem, let us remember the renormalization group equation for the CC μ dΛ_{vac} dμ = β_Λ = m^4_s 2 − 2m^4_f , (2)

where we just took into account the contributions of a massive scalar and a fermion. μ is the typical energy of the external field (graviton, in the case). The last expression shows that the natural range of Λ_{vac} is given by the fourth power of the mass of the heaviest particle. Obviously this will produce a serious conflict with the measured value of the CC, unless the only contribution would be from neutrinos of m_ν ∼ 10^{−3} eV [10]. In order to reduce this estimate we need a cancellation between bosons and fermions in Eq. (2). Supersymmetry (SUSY) [16] may, therefore, help to reduce the minimal admissible value of Λ_{vac}. However, at low energies SUSY is known to be broken, because

¶ We denote by Λ the CC density itself, sometimes indicated as ρ_V in the literature.

the proper model for the physics up to the Fermi scale is the Minimal Standard Model (SM) of particle physics. Hence the RG equation (2) can only be applied for the energies comparable to the typical scale of the SM and, in order to be compatible with the high energy running, the magnitude of the vacuum CC density should be of the order of the fourth power of the electroweak scale, namely ∼ 10^8GeV^4.

Another source of the CC is the induced action of gravity [17], e.g. the one which emerges through the electroweak (EW) Spontaneous Symmetry Breaking (SSB). In the ground state of the Higgs potential of the SM, V (ϕ) = −(m^2/2)ϕ^2 + (f/8) ϕ^4 , the induced CC is Λ_{ind} =< V >= − m^4 2f = − 1 8 M^2_H v^2 ≈ −10^8 GeV^4 , (3)

where M_H is the value of the Higgs boson mass and v ≃ 250 GeV the VEV of the Higgs potential. Since we know from LEP experiments that M_H > 114 GeV we obtain the estimate (3). It is remarkable that this estimate coincides with the natural value of the vacuum parameter Λ_{vac}. However, what we really observe is the sum

Λ_{obs} = Λ_{vac} + Λ_{ind} , (4)

where the induced quantity Λ_{ind} receives many different contributions (e.g. from the electroweak SSB, chiral symmetry breaking and other possible phase transitions, plus quantum corrections to these contributions) and can not be, in principle, calculated exactly.

The real problem is that the cancellation of the two independent contributions Λ_{vac} and Λ_{ind} (even though they can be expected to be of the same order of magnitude, as we have seen above for the EW case) must be extremely precise. By virtue of the recent astronomical observations the observed value of the CC density is

Λ_{obs} ≈ 0.7 ρ_c ∼ 10^{−47} GeV^4 . (5)

Looking at the situation from the QFT viewpoint, the cancellation between Λ_{ind} and Λ_{vac} can be provided by imposing a restriction on the independent parameter Λ_{vac}. This restriction is nothing but the renormalization condition and it should be implemented at the cosmic scale μ_c where the observations are performed.

Λ_{vac}(μ_c) = Λ_{obs} − Λ_{ind}(μ_c) . (6)

In the last relation the second term on the r.h.s. (Λ_{ind}(μ_c)) is 55 orders of magnitude greater than the observable term. Therefore the renormalization condition for Λ_{vac} at the scale μ = μ_c reads as follows: the quantity Λ_{vac}(μ_c) must be equal to −Λ_{ind}(μ_c) up to the 55th digit, for otherwise we should never meet the small Λ_{obs} which is actually observed. If we assume that there was another phase SSB-based transition at a typical GUT scale (M_X ∼ 10^{16} GeV ), there will be more than 110 orders of magnitude difference and, finally, the phase transition at the Planck scale would give 123 orders. The (extremely huge) problem of why the two terms cancel so accurately is the famous CC problem, the biggest conundrum ever (see [6] for a classical review).

3. CC problem is a hierarchy problem

The simplest option is just accepting this cancellation as a fact. One can compare the situation with the great success of the SM, which has plenty of phenomenological parameters like masses of the particles etc. Of course, we can not measure any of them with the 55-order precision, but this only shows that our “measurement” of the CC is extremely precise. The origin of this “precision” is nothing but the difference between the MS Fermi scale where we evaluate the induced CC, and the tiny cosmic scale where we observe the total CC. Hence, the CC problem is a hierarchy problem, which results from the conflict between the physics at different scales.

In fact, the CC case is even more complicated. Remember that the Universe is not static and that the temperature of the relic radiation was much higher in the past than it is now. In the Early Universe, there was an epoch when this temperature was about the Fermi scale T ∝ M_F . At that temperature, according to the standard viewpoint, the symmetry in the potential gets restored and the induced CC disappears or just becomes many orders smaller. Thus, in the earlier Universe the overall CC includes the vacuum contribution Λ_{vac} only. This means that our Universe had been created from the very beginning such that Λ_{vac}, after the symmetry breaking phase transition, should cancel the induced CC with the tremendous 55-order precision. This does not look natural at all, and we really have to worry about this.

In addition to the rapid changes of the CC due to the phase transition, there should be a renormalization group running of both induced and vacuum counterparts of the CC. This issue was discussed in detail in [8], see this reference for details. Here we just notice that the running involves, in one way or another, the masses of the constituents of the SM. It might happen that the contribution of some particle is suppressed because it shows up only at higher loops, but in any case all physical SM effects occur at scales whose ratio with the Fermi scale is far away from those 55 orders of magnitude associated to the CC problem. At this point we can conclude that the CC problem is something fundamental and that its solution should perhaps involve also the explanation of the particles mass spectrum.

Below we shall give a brief review of some methods of solving the CC Problem. There are many reviews (see e.g. [18]), so we will refer the reader to this work for the list of existing approaches and mainly concentrate here on the ones which do not involve higher dimensions/branes and are related to the quantum effects.

4. Supersymmetry, strings and anthropic approach

There were many attempts to solve the CC problems introducing more symmetries, e.g. supersymmetry (SUSY), which simply forbids the contributions to the CC because the SUSY vacuum must have zero energy (see the discussion in [19] and [20] on the subject). Unfortunately, from the general perspective SUSY does not look helpful in solving the CC problem. The reason is that SUSY is explicitly broken at the electroweak scale, and therefore it cannot prevent the vacuum energy from getting contributions similar to the SM ones, see (3). To put in another way: SUSY is a high-energy phenomenon. As a result we find ourselves in the following situation: while at low energies SUSY is broken and this leaves no much hope to apply it for the solution of the CC problem, at high energies SUSY may effectively apply, but then it cannot solve the CC problem because this problem possibly does not exist anymore there. Indeed, at scales near M_P or above the full SUSY β-function of the Λ term (i.e. the full structure on the r.h.s. of Eq. (2) at very high energies) is probably zero. Since there are no induced contributions at those energies, but only the vacuum term Λ_{vac}, there are no fine tunings, and Λ_{vac} can naturally be of order M^4_P and remain peacefully so around those energies simply because it does not run while β_Λ = 0.

Another hope is the (super)string theory. However, the choice of vacuum for the string theory is not unique, at least at the present day state of knowledge. It might happen that the “right” vacuum gives a “correct” value of the CC [21]. At first sight it is unclear how this can affect the low-energy physics, for at low energies, we have a very strong experimental confirmations that the appropriate theory is the SM and not the string theory. Be as it may, at the moment moving from QFT to string theory does not seem to help much, for after the process of compactification from 11 dimensions down to 3 we are left with a vastly complex “landscape” consisting of some 10^{1000} metastable (non-supersymmetric) vacua where to entertain our choice of the ground state [22, 23]. There is an important new aspect, however. If we consider the existence of a very complicated vacuum structure of string theory together with the anthropic hypothesis, there is a hope to arrive at some consistent picture and maybe even learn some lessons about fundamental physics.

The anthropic approach is using the “experimental” fact of our own existence. One can say it produced the main success concerning the CC problem. The evolution of density perturbations depends on the equation of state of the matter and vacuum content of the universe. The formation of galaxies and stellar systems should perform in such a way that friendly conditions for life take place. This imposes rigid constraints on the evolution of density perturbations in the universe. This evolution depend, along with other factors, on the vacuum energy density and hence imposes certain constraints on its possible values. In this way, Weinberg predicted in 1987 the positiveness of the CC [24]. More sophisticated considerations [25] indicated greater probabilities of the CC being quite close to the astronomically observed value. Taken on its own the anthropic approach can not answer the fundamental question of why we should exist at all. But from the landscape perspective the answer may be just an existence of many universes (a “multiverse”), most of which had (or have) no chance to evaluate or are not visible for us. Let us notice, however, strong divergeneces between different definitions of weight functions [26, 27, 25]. In particular, they may be relevant for calculating anthropic probabilities in the universes with different values of CC.

5. Auto-relaxation or adjusting mechanisms

The measurement that the cosmological constant is non-vanishing is relatively recent, it is only from 1998. Prior to this date the general belief from the theoretical physics and cosmologist community was that the cosmological constant had to be exactly zero. Therefore, it was quite natural to seek for an efficient adjustment mechanisms in which the value of the vacuum energy relaxes to zero in a dynamical way. The prototype mechanism to achieve this dynamical adjustment was to use some scalar field under some suitable potential or motivated by some symmetry requirement (e.g. dilatation symmetry). There were a number of very interesting attempts to create a sort of automatic mechanism for relaxing the CC. The general idea is to consider a modified gravity theory, where the effect of cosmological constant is reduced. Typically the original auto-relaxation models [28, 29, 30] involved a scalar field which moves to the minima of its potential along with the evolution of the universe. As an example, the “cosmon” field introduced in [29] aimed at a Peccei-Quinn-like adjustment mechanism based on a dynamical selection of the vacuum state at zero VEV of the potential, < V >= 0. More recently these ideas have been exploited profusely in various forms, such as the so-called “quintessence” scalar fields and the like [4], “phantom” fields [5] etc, including some recently resurrected old ideas on adjusting mechanisms [31]. The main aim of these dynamical mechanisms is that the induced CC goes to zero automatically and the problem of a fine-tuning between the induced and vacuum counterparts may be smoothed or banished. Of course, with the advent of the high precision cosmology experiments the hard job of the quintessence community is to understand why the relaxation point of the quintessence field is not precisely zero but some extremely small value of the potential! This value amounts to introduce a small mass for the quintessence field χ of order m_χ ∼ H_0 ∼ 10^{−42} GeV , which is some 17 orders of magnitude smaller than the upper bound on the photon mass from terrestrial experiments! Clearly, this shows the highly artificial character of the quintessence field from the Particle Physics standards. In the classical review by Weinberg [6] many of these dynamical approaches, and their presently insurmountable difficulties, are discussed in quite some detail. They all end up with some more or less obvious form of fine-tuning.

6. Renormalization group and CC Problem

The renormalization group (RG) is a conventional theoretical tool for investigating the scale dependence. As we have seen above, the CC problem is a violent conflict between two scales: the high energy scale M (typically M ∼ M_P ) where Λ_{vac} and Λ_{ind} are defined, and the (low energy) cosmic scale μ_c (≪ M) where we can observe their sum Λ_{obs}. Therefore it is quite natural to consider the CC problem from the RG perspective. Let us notice that the idea of the renormalization group solution became quite popular in the last years [32, 33]. The first practical realization has been suggested by Antoniadis and Mottola [34] in the framework of the quantum theory of conformal factor [35], which is a direct 4d analog of the 2d Polyakov theory. Other realizations are based on different versions of the IR quantum gravity [36, 37, 38].

An alternative and perhaps the most simple way to achieve the IR screening of the CC has been suggested in [9]. This approach relies on the IR quantum effects of matter field rather than on the IR quantum gravity effects. In this section we shall review the proposal of [9], trying to reformulate it in a slightly physical way. In the next section we shall consider even more physical (and less ambitious) approach to the CC Problem based on taking the quantum effects of matter fields into account.

Let us suppose that: i) the symmetry restoration at T ∝ M_F does not happen. Indeed, this means that the Higgs sector of the SM must be extended such that the non-restoration becomes possible. Then we live not in the SM vacuum but in the GUT vacuum. ii) The origin of all masses of the fields in the SM and beyond is the Coleman-Weinberg mechanism in some GUT model which describes the physics at a very high energy scale. The quantum symmetry breaking in the field Φ leads to the induced cosmological Λ and inverse Newton 1/G constants. Since all fields are massless, we do not need to introduce vacuum CC and G and therefore no need to distinguish Λ_{obs} and Λ_{ind}. The classical potential for the field Φ includes the nonminimal interaction term, since it is necessary for renormalizability V = −^ξ_2 R Φ^2 +fΦ^4. The induced gravitational quantities are

(16πG)^{−1} ∼ < ξ(t)Φ^2_0(t) > , Λ ∼ − < f(t)Φ^4_0(t) > . (7)

In the last expressions we have introduced the dependence on the RG parameter t = ln (μ/μ_0). The explicit form of this dependence is a function of the GUT model under consideration. iii) The fundamental theory has a huge number of copies N of all or some of its constituents. These fields couple to the scalar Φ in such a way that the β-function for the nonminimal parameter ξ has the form β_ξ = ( ξ −^1_6 ) · Ã(g^2), where Ã(g^2) = −AN g^2 is a linear combination of the (gauge)^2, (Yukawa)^2 and scalar couplings. For simplicity we assume that the square of Yukawa couplings and scalar couplings are proportional to the square of the gauge coupling g^2.

We require that A is positive such that the conformal fixed point ξ = 1/6 is stable in UV and the point ξ = ∞ to be an attractor in the IR low-energy limit (see general discussion and references to original papers in [14] and classification of the SU(N) and O(N) gauge models in [39]). iv) For the sake of simplicity, we shall suppose that the gauge theory is finite - that is the β-functions for all coupling constants in the matter fields sector are zeros. This is not a necessary requirement, and one can consider another type of theories. For example, similar model has been recently discussed in [40], based on the quantum theory of scalar field with the coupling constant growing on in the IR limit.

In the leading log. approximation for V_{eff} one can use the RG improved classical potential V . In this way we find

G^{−1} ∝< ξ(t)Φ^2_0(t) > and Λ G ∝ − < f(t)Φ^4_0(t) > . (8)

Due to the gauge dependence, the RG for Φ(t) is not sufficient to determine asymptotic of this effective charge. At the same time we can easily find it using physical considerations. In fact, since G(−∞) have the finite classical value and ξ(t) ∼ exp(−Ag^2t) we find that Φ(t) ∼ exp(Ag^2t) . Now we take into account (8). Since in the finite models λ(t) ≡ λ_0 = const, we find that in the IR limit t → −∞

Λ ∝< f(t)Φ^4_0(t) >∼ exp(−2AN g^2t) and Λ_{IR} Λ_{UV} = ( μ_{IR} μ_{UV} )_{−2AN g}2 , (9)

where we assume CC running between the energy scales μ_{UV} and μ_{IR} The result for the Λ_{IR} depends on the choice of the model (that defines A) as well as on the region of it’s application. Let us consider the running from the Planck scale μ_{UV} = M_P ≈ 10^{19}GeV down to the present-day cosmic scale μ_{IR} = μ_c ≈ 10^{−42} GeV . The values of A have been calculated in a number of papers (see, for example, [14, 39]), and the typical values for A are between 1/(4π)^2 and 50/(4π)^2. For the maximal value we obtain

Λ_{IR}/Λ_{UV} ≈ 10^{− 6000 N g2/(4π)2} . (10)

Taking g ≈ 10^{−1} and N = 1, we can see that the value of Λ is decreasing on about four orders. But, if we take N = 30 copies of the fields, we arrive at the tremendous 120 orders, which can solve the CC problem. The effect would be seen in the astronomic observations as a very slow decrease of the observable CC during the last few billion years.

The above model of IR screening for CC does not look like a natural solution of the CC problem. The need for the great number of copies of the fields (they must be massless, for otherwise they just decouple long before the IR limit), symmetry nonrestoration at T = M_F and all masses of the SM being the result of the dimensional transmutation at the GUT scale is not very appealing from the phenomenological point of view. The advantage of the model is that it is really free of a usual CC fine-tuning.

7. Decoupling and cosmological constant

In this section we shall consider the less ambitious program than in the previous ones. Namely, we will not try solving the great CC problem [6], neither the coincidence problem (see, however, the generalized RG model with cosmon field [43]). Instead we accept a purely phenomenological point of view and assume that the particle physics can be described by the known SM or some its conventional extension. The question is whether it is possible that even in this situation the renormalization group may be relevant, that is whether the observable value of the CC can depend on time due to the quantum effects. At the first glance this question looks as something absurd. Usually the low-energy effects of massive quantum fields manifest the quadratic decoupling at low energies [41]. Is it true that, despite the huge difference in the magnitude of the energy scales the quantum effects can be relevant for the CC? Curiously, the answer is yes. In this section we shall present the basic ideas of the approach of [8, 11] based on the notion of “soft decoupling” of massive fields at low energies in the gravitational sector (see also [42]). One can find many important details in these papers and also in the last related developments in [12, 43, 44], in particular the implications of a running CC on the matter power spectrum [45].

Despite the calculations of decoupling for massive fields on curved background [46] were not successful in the CC sector, but the decoupling in other sectors of the vacuum action is of the standard quadratic form. Let us use a phenomenological approach and assume that the quadratic decoupling holds for a CC. In the present-day Universe one can associate μ ≡ H [8].

Remember from Eq. (2) that β_Λ ∼ m^4, m being the mass of a contributing quantum field. Then the quadratically suppressed expression is [8, 11] H dΛ dH = β_Λ = ∑ i c_i H^2 m^2_i

× m^4_i = σ (4π)^2

M^2 H^2 , (11)

where M is an unknown mass parameter and σ = ±1 depending on whether fermions or bosons dominate in the particle spectrum. Assuming M^2 = M^2_P , we find |β_Λ| ∼ 10^{−47} GeV^4, which is close to the existing supernovae and CMB data for the vacuum energy density. Therefore, the renormalization group may, in principle, explain a smooth variation of the vacuum energy without introducing special entities like quintessence.

Two cosmological models with running CC have been developed in [11, 12], based on the original RG framework of [8]. Further developments around these models have been presented in [44, 43] with interesting implications on the coincidence problem. The renormalization group equation (11) leads to Λ = Λ_0 + σM^2 (H^2 − H^2_0 )/(32π^2). Furthermore, there is the Friedmann equation H^2 = (8πG/3) (ρ + Λ) and the conservation law, which can be chosen in different ways. In one of the possibilities [11] we can admit the energy exchange between the vacuum and matter sectors (see also [47]), so that we have Λ̇ + ρ̇ + 3 H ρ = 0. The solution of this set of coupled equations is completely analytical and the effect of the running is parametrized by the dimensionless parameter ν = σ M^2/12πM^2_P . When ν → 0 we recover the standard result for Λ = const. The value of |ν| has to satisfy the constraint |ν| ≪ 1, typically |ν| ≲ 10^{−2}, for otherwise there is a dominance of DE over radiation in the nucleosynthesis time [11]. It was only later recognized that the strongest constraint actually comes from the computation of the density perturbations [45], where the consistency with the LSS galaxies distribution data requires |ν| to be, at most, 10^{−4} with the best fit corresponding to values smaller than 10^{−6}. Qualitatively similar results have been achieved earlier in the framework of analogous models and, more quantitatively, in modified quintessence models [48].

The second RG framework [12] does not permit the energy exchange between vacuum and matter sectors. This is a good point, because a) the conservation law is nothing but a mathematical expression of covariance. We have no reason to think that the vacuum and matter effective actions are not separately covariant; b) The energy exchange between vacuum and matter assumes the creation of particles and the creation of both massive and massless particles in the present-day universe meets obvious obstacles. The conservation law for the vacuum action with variable CC requires that the Newton constant becomes weakly depending on the Hubble parameter. Investigation of density perturbations in this model is an open problem and should be explored soon.

8. Conclusions

We presented a short review of CC problems. The fine-tuning of CC is a hierarchy problem due to the huge difference between the particle physics and cosmological scales. Different approaches for solving this problems have been developed. The anthropic considerations, together with the idea of multiple vacuum states coming from string theory, gives an important hint about possible values of CC. The renormalization group, in the framework of quantum field theory in curved space-time, indicates the possibility of slowly varying CC even at the cosmic low energy scale.

Acknowledgments.

Authors are grateful to R. Bousso and A. Vilenkin for useful correspondence concerning the anthropic approach. The work of I.Sh. has been partially supported by the research grants from CNPq (Brazil), FAPEMIG (Minas Gerais, Brazil), and by the fellowships from CNPq and ICTP(Italy). J.S. has been supported in part by MECYT and FEDER under project 2004-04582-C02-01, and also by DURSI Generalitat de Catalunya under project 2005SGR00564

References

[1] A.G. Riess et al., Astropart. Phys. 116 (1998) 1009; S. Perlmutter et al., Astrophys. J. 517 (1999) 565; R. A. Knop et al., Astrophys. J. 598 102 (2003); A.G. Riess et al. Astrophys. J. 607 (2004) 665.

[2] WMAP three year results: implications for cosmology, D.N. Spergel et al., astro-ph/0603449. [3] M. Tegmark et al, Phys. Rev. 69 (2004) 103501; S. Cole et al, Mon. Not. Roy. Astron. Soc. 362 (2005) 505-534.

[4] R.R. Caldwell, R. Dave and P.J. Steinhardt, Phys. Rev. Lett. 80 1998 1582; R.R. Caldwell, Phys.

Lett. B 545 (2002) 23; For a review, see e.g. P.J.E. Peebles, B. Ratra, Rev. Mod. Phys. 75 2003 559, and the long list of references therein.

[5] R.R. Caldwell, Phys. Lett. B 545 2002 23; R.R. Caldwell, M. Kamionkowski, N.N. Weinberg, Phys. Rev. Lett. 91 (2003) 071301; A. Melchiorri, L. Mersini, C.J. Odman, M. Trodden, Phys. Rev. D68 (2003) 043509; H. Stefancic, Phys. Lett. B 586 (2004) 5.

[6] S. Weinberg, Rev. Mod. Phys., 61 (1989) 1.

[7] P.J. Steinhardt, in: Proc. of the 250th Anniversary Conference on Critical Problems in Physics, ed. V.L. Fitch, D.R. Marlow, M.A.E. Dementi (Princeton Univ. Pr., Princeton, 1997).

[8] I.L. Shapiro, J. Solà, JHEP 02 (2002) 006. [9] I.L. Shapiro, Phys.Lett. 329B (1994) 181. [10] I.L. Shapiro, J. Solà, Phys. Lett. 475B (2000) 236.

[11] I.L. Shapiro, J. Solà, C. España-Bonet, P. Ruiz-Lapuente, Phys. Lett. 574B (2003) 149; JCAP 0402 (2004) 006; I.L. Shapiro, J. Solà, Nucl. Phys. Proc. Suppl. 127 (2004) 71.

[12] I.L. Shapiro, J. Solà, H. Stefancic, JCAP 0501 (2005) 012.

Cosmological Constant Problems and Renormalization Group 11

[13] N.D. Birrell, P.C.W. Davies, Quantum fields in curved space (Cambridge Univ. Press, Cambridge, 1982).

[14] I.L. Buchbinder, S.D. Odintsov, I.L. Shapiro, Effective Action in Quantum Gravity (IOP Publishing, Bristol, 1992).

[15] K.S. Stelle, Phys. Rev. D16 (1977) 953.

[16] H. P. Nilles, Phys. Rept. 110 (1984) 1; H. E. Haber, G. L. Kane, Phys. Rept. 117 (1985) 75; A. B.

Lahanas, D. V. Nanopoulos, Phys. Rept. 145 (1987) 1; S. Ferrara, ed., Supersymmetry, vol. 1-2. North Holland/World Scientific, Singapore, 1987.

[17] Ya.B. Zeldovich, Letters to JETPh. 6 (1967) 883; A.D. Sakharov, Sov. Phys. Dokl. 12 (1968) 1040 (reprinted in Gen.Rel.Grav. 32 (2000) 365).

[18] See e.g. V. Sahni, A. Starobinsky, Int. J. of Mod. Phys. 9 2000 373; S.M. Carroll, Living Rev. Rel.

4 (2001) 1; T. Padmanabhan, Phys. Rep 380 2003 235; Current Science, 88 (2005) 1057; Why Does Gravity Ignore the Vacuum Energy? gr-qc/0609012; E.J. Copeland, M. Sami, S. Tsujikawa, Dynamics of dark energy, hep-th/0603057; S. Nobbenhuis, Found. of Phys. 36 (2006) 613; J. Solà, Nucl. Phys. Proc. Suppl. 95 (2001) 29.

[19] E. Witten, The Cosmological Constant From The Viewpoint Of String Theory, talk in: Dark Matter 2000, Marina del Rey, C.A., February, 2000 [hep-ph/0002297].

[20] S. Weinberg, The Cosmological Constant Problems, talk in: Dark Matter 2000, Marina del Rey, C.A., February, 2000 [astro-ph/0005265].

[21] R. Bousso, J. Polchinski, JHEP 0006 (2000) 006.

[22] S. Kachru, R. Kallosh, A. Linde, S. P. Trivedi, Phys. Rev. D68(2003)046005; A. Linde, J. Phys.

Conf. Ser. 24 (2005) 151, hep-th/0503195; A. Linde, invited talk at: IRGAC 2006 (Barcelona, July 11-15 2006, http://www.ecm.ub.es/IRGAC2006/).

[23] T. Banks, M. Dine, E. Gorbatov, JHEP 0408 (2004) 058; L. Susskind, Supersymmetry Breaking in the Anthropic Landscape, hep-th/0405189. L. Mersini-Houghton Class. Quant. Grav. 22 (2005) 3481, hep-th/0504026 and further references therein.

[24] S. Weinberg, Phys. Rev. Lett. 59 (1987) 2607.

[25] A. Vilenkin, A measure of the Multiverse, invited talk at: IRGAC 2006 (Barcelona, July 11-15 2006, hep-th/0609193; J. Garriga, A. Vilenkin, Phys. Rev. D67 (2003) 043503.

[26] R. Bousso, Holographic probabilities in eternal inflation, hep-th/0605263. [27] G.D. Starkman, R. Trotta, Phys. Rev. Lett. 97 (2006) 201301; astro-ph/0607227. [28] A.D. Dolgov, in: The very Early Universe, Ed. G. Gibbons, S.W. Hawking, S.T. Tiklos (Cambridge U., 1982); F. Wilczek, Phys. Rep. 104 (1984) 143.

[29] R.D. Peccei, J. Solà and C. Wetterich, Phys. Lett. B 195 (1987) 183.

[30] L.H. Ford, Phys. Rev. D 35 (1987) 2339; C. Wetterich, Nucl. Phys. B 302 (1988) 668; J. Solà, Phys. Lett. B 228 (1989) 317; J. Solà, Int.J. Mod. Phys. A5 (1990) 4225; M.C. Bento, O. Bertolami, A.A. Sen, Phys. Rev. 66D (2002) 043507; J.C. Fabris, S.V.B. Goncalves, P.E. de Souza, Gen. Rel. Grav. 34 (2002) 53.

[31] S. M. Barr, S. Ng and R. J. Scherrer, Phys.Rev.D73 (2006) 063530. [32] T.R. Taylor and G. Veneziano, Nucl. Phys. 345B (1990) 210. [33] A.M. Polyakov, Int. J. Mod. Phys. 16 (2001) 4511 and references therein. [34] I. Antoniadis and E. Mottola, Phys. Rev. 45D, 2013 (1992). [35] S.D. Odintsov and I.L. Shapiro, Class. Quant. Grav. 8 L57 (1991).

[36] N.C. Tsamis and R.P. Woodard, Nucl. Phys. B 474 (1996) 235; Phys. Lett. B 301 (1993) 351, and references therein.

[37] A. Bonanno and M. Reuter, Phys. Rev. 65D (2002) 043508; Phys. Lett. 527B (2002) 9. [38] B.F.L. Ward, Int.J.Mod.Phys. A20 (2005) 3502; Acta Phys. Polon. B37:1967-1974,2006. [39] I.L. Buchbinder, I.L. Shapiro and E.G. Yagunov, Mod. Phys. Lett. 5A (1990) 1599. [40] R. Jackiw, Carlos Nunez, S.-Y. Pi Phys. Lett. A347 (2005) 47. [41] T. Appelquist, J. Carazzone, Phys. Rev. 11D (1975) 2856.

[42] A. Babic, B. Guberina, R. Horvat, H. Štefančić, Phys. Rev. D65 (2002) 085002; B. Guberina, R.

Cosmological Constant Problems and Renormalization Group 12

Horvat, H. Štefančić Phys. Rev. D67 (2003) 083001.

[43] J. Grande, J. Solà, H. Stefancic, JCAP 08 (2006) 011; gr-qc/0609083; astro-ph/0609683. [44] J. Solà, H. Stefancic, Phys. Lett. B624 (2005) 147; Mod. Phys. Lett. 21 2006 479; J.Phys. A39 (2006) 6753; J. Solà, J. Phys. Conf. Ser. 39 (2006) 179.

[45] J.C. Fabris, I.L. Shapiro, J. Solà, Density Perturbations for Running Cosmological Constant, gr-qc/0609017.

[46] E.V. Gorbar, I.L. Shapiro, JHEP 02 (2003) 021; JHEP 06 (2003) 004.

[47] J.C. Carvalho, J.A.S. Lima, I. Waga, Phys. Rev. D46 (1992) 2404; see also J.M. Overduin, F. I.

Cooperstock, Phys. Rev. D58 (1998) 043506, and references therein.

[48] R. Opher, A. Pelinson, Braz. J. Phys. 35 (2005) 1206; Phys. Rev. D70 (2004) 063529; G. Olivares, F. Atrio-Barandela, D. Pavon, Phys.Rev. D74 (2006) 043521.