arXiv:gr-qc/0009003 v3 15 Dec 2000

Minimal Model for Dilatonic Gravity and Cosmological Constant

P. P. Fiziev^∗ Department of Theoretical Physics, Faculty of Physics, Sofia University, 5 James Bourchier Boulevard, Sofia 1164, Bulgaria

We consider: minimal scalar-tensor model of gravity with Brans-Dicke factor !(Φ) ȷ 0 and cosmological factor Π(Φ); restrictions on it from gravitational experiments; qualitative analysis of new approach to cosmological constant problem based on the huge amount of action in Universe; determination of Π(Φ) using time evolution of scale factor of Universe. PACS number(s): 04.50.+h, 04.40.Nr, 04.62.+v

I. INTRODUCTION

The recent astrophysical observations of the type Ia supernovae [1], CMB [2], gravitational lensing and galaxies cluster’s dynamics (see the review articles [3] and the references therein) gave us a strong and independent indications of existence of some new kind of energy in the Universe, needed to explain its accelerated expansion. Nevertheless we are not complete confident in these preliminary results, combining them with old problems of cosmology and astrophysics, we can conclude that most likely some further generalization and enlargement of the frameworks of the well established fundamental laws of physics, and in particular, of the laws of gravity, is needed.

At present, general relativity (GR) is the most successful theory of gravity at scales of laboratory-, Earth surface-, solar system- and star systems. It gives a quite good description of gravitational phenomena in the galaxies and at the scales of the whole Universe [4]. But without some essential changes it is problematic in explanation of the rotation of the galaxies and their motion in the galactic clusters, the initial singularity problem, the physics in the early Universe and the inflation [6], the present days accelerated expansion of the Universe [1]- [3] and the famous vacuum energy problem [5].

The most promising modern theories of gravity, like supergravity and (super)string theories [7], having a deep theoretical basis, incorporate naturally GR. Unfortunately, at least at present, they are not developed enough to allow a real experimental test, and introduce a large number of new fields without any direct experimental evidences for doing this.

Therefore it seems meaningful to look for some minimal extension of GR which is compatible with known gravitational experiments, promises to overcome at least some of the above problems and may be considered as a necessary part of more general modern theories.

∗E-mail: fiziev@phys.uni-sofia.bg

It is most likely that such minimal extension must include one new scalar-field degree of freedom. Its contribution to the action of the theory can be described in different (sometimes equivalent) ways, being not fixed a priori and there exist many attempts in this direction, starting from Jordan-Fierz-Brans-Dicke theory of variable gravitational constant and its further generalizations – the so called scalar tensor theories of gravity [8] which have been proved to be the most natural extension of GR [9]. Different models of this type ware used in the inflationary scenario [6] and in the more recent quintessence models [10]. For the latest development of the scalartensor theories with respect to accelerated expansion of the Universe one can consult the recent article [11].

One more model called a minimal dilatonic gravity (MDG) was proposed in the article [12]. Being a model with one additional scalar field Φ which couples nonminimally with the space-time metric, it differs from the known inflationary models with spin zero inflation field. At the same time being mathematically equivalent to some of the quintessence models, MDG describes a complete different physics (see [11]), because of the relatively big mass m_Φ ≥ 10^{−4}eV of the scalar field Φ [12]. One has to remind the reader that in the standard quintessence models two different possibilities ware used until now (see [13] and the references therein): a scalar field with a typically extremely small mass ∼ 10^{−33}eV , or massless scalar field with inverse-degree-potential [10]. In both cases these models suffer of some difficulties [14].

The dilatonic-gravity action in the MDG model has the form

A_{G,Λ} = −^c_{2κ̄} ∫ d^4x √ |g|Φ ( R + 2ΛΠ(Φ) ) (1) and corresponds to the specific choice ω(Φ) ≡ 0 of the Brans-Dicke parameter. In the Eq. (1) Λ is the cosmological constant and the function Π(Φ) presents a dimensionless cosmological factor.

The matter action A_M and matter equations of motion are supposed to have usual GR form and do not include the scalar field Φ. This is our most important physical assumption and it means that the dilaton field Φ does not interact directly with the usual matter of any kind. Its influence on this matter is indirect – only due to the interaction of dilaton field Φ with the space-time metric.

Equations for metric g_{αβ} and dilaton field Φ:

Φ (G_{αβ} −ΛΠ(Φ)g_{αβ} )−(∇_α∇_β −g_{αβ} 2)Φ =^{κ̄}_{c2} T_{αβ} ,

2Φ+Λ^{dV}_{dΦ} (Φ) =^{κ̄}_{3c}2 T (2)

yield usual energy-momentum conservation law

∇_α T^α_β = 0 (3)

and the important relation:

R + 2Λ^{dU}_{dΦ} (Φ) = 0. (4)

The quantities^{dV}_{dΦ} :=^2_3 Φ (Φ^{dΠ}_{dΦ} − Π) and U (Φ) := ΦΠ(Φ) introduce dilatonic potential V (Φ) – in Eq.(2) and cosmological potential U (Φ) – in Eq.(4).

It is remarkable that introducing the dilaton field Φ in MDG we do not need to prescribe some new charges, or other novel properties to the usual matter. As seen from Eq. (2), this field is complete determined by the trace of the energy-momentum tensor of matter.

One has to stress that because of the condition ω(Φ) ≡ 0 the existence of nontrivial relativistic dynamics and propagation of the dilaton field Φ in vacuum is deeply connected with the nonzero space-time curvature. Technicaly, the second order dynamical equation for Φ in the system (2) is obtained by contraction of the generalized Einstein equations and making use of the algebraic relation (4), derived by variation of the action (1) with respect to the dilaton field. The second order derivatives of the field Φ are created during the two-fold integration by parts of the corresponding terms in variation of the specific action (1) with respect to the metric, not with respect to the very field Φ. Therefore, in a flat spacetime, the zero scalar curvature R in action (1) would lied to a non-existence of dynamics of the dilaton field. This simple argument, being specific for MDG, shows a deep connection of the field Φ with the space-time curvature, i.e., with the gravity. Therefore it seems natural to treat the dilaton field Φ as a ”scalar part of gravity”, instead of considering it as a new kind of matter scalar field.

The action (1) can be considered as a Helmholz action of nonlinear gravity (see [15] and the references therein) with lagrangian L_{NLG} ∼ √ |g|f(r), r = R/Λ being dimensionless scalar curvature [12]. Indeed, because of the absence of a Brans-Dicke kinetic term ∼ ω(Φ)(∇Φ)^2, the variation of the action (1) with respect to the dilaton field Φ gives the local algebraic relation (4) between scalar curvature R and dilaton Φ, instead of differential equation. If^{d2}_{dϕ2} U (Φ) /≡ 0, one can solve the relation (4) with respect to the field Φ and this field becomes a local function of the scalar curvature: Φ = Φ(r). (For ω ≠ 0 the last relation would have a non-local integral form.) The substitution of this function back into the action (1) transforms it to the action of nonlinear theories of gravity A_{NLG} = −^{cΛ}_{2κ̄} ∫ d^4x √ |g| f(r) with f(r) = rΦ(r) + 2U (Φ(r)). The inverse correspondence – from NLG to MDG – can be described in a simple way, too. For a given function f(r) we have to solve the algebraic equation^d_{dr} f(r) = Φ with respect to the variable r. This gives a function r = r(Φ). Then U (Φ) = − ∫ r(Φ)dΦ + const. It is well known that the nonlinear gravity can be created by the quantum corrections which appear after quantization of the classical fields in curved space-time

[16]. This was the physical basis of the original Starobinsky model of inflation [17]. The modern development of this model one can find in the recent articles [18].

The total energy momentum of the vacuum fluctuations in this model cannot be obtained by varying a local action, see the article by A. Vilenkin in [17]. Therefore, in the general case MDG differs both physically and mathematically from the Starobinsky model and its modern developments. For example, the cosmological perturbations in the two models are essentially different. Nevertheless, it turns out that under proper particular choice of the cosmological factor Π(Φ), MDG coincides with Starobinsky model in the case of the conformally flat Robertson-Walker (RW) metric. This happens just because the term which yields the essential difference between the two models is proportional to the Weyl conformal curvature tensor, but this curvature is zero in the conformally flat spaces with RW metric [19].

The last consideration indicates that probably we have to look for the roots of our MDG in quantum field theory in curved space-time.

At present, a well known candidate for a self-consistent quantum theory of gravity is the superstring theory. It turns out that the MDG can be considered as a four dimensional version of the low energy limit (LEL) of the string theory in some new frame. In this new frame the action (1) is precisely the stringy three-level effective action for the metric and the dilaton only, corresponding to the lowest order of string loop expansion, i.e., for the most constant part of the string theory which has the same form in all string models.

Indeed, let us consider the D-dimensional LEL lagrangian in stringy frame (SF) [7]: SL_{LEL} ∼ √ |_Sg|e^{−2ϕ} ( SR + 4_S(∂ϕ)^2 +_SV_{SUSY} (ϕ) ) . After Weyl conformal transformation: g_{μν} → e^{bϕ}g_{μν} to some new conformal frame, which depends on the parameter b, it acquires the form: L_{LEL} ∼ √ |g|e^{p1(b)ϕ} ( R+p_2(b)(∂ϕ)^2 +V_{SUSY} (ϕ) ) where p_1(b) = (D − 2)b − 2 and p_2(b) = 4−4(D −1)b+ (D−1)(D−2)b^2 are polynomials in b of degree 1 and 2, correspondingly.

Now, if we chose the parameter b = b_E =^2_{D−2} , i.e., if p_1(b_E ) = 0, we will obtain the well known Einstein frame (EF) in which EL_{LEL} ∼ √ |_Eg| ( ER+ 4 D − 2^E (∂ϕ)^2 +_EV_{SUSY} (ϕ) ) . (5)

But there exists another simple choice: p_2(b_F ) = 0 which gives b = b_F =^2_{D−2} ( 1 ±^{1√}_{D−1} ) and a new conformal frame which we call a fundamental frame (FF). If one sets Φ := exp ( ±^{2ϕ√}_{D−1} ) , one reaches the following simple form of string LEL lagrangian for metric and dilaton fields in FF:

FL_{LEL} ∼ √ |_Fg| ( Φ_FR+_FU_{SUSY} (Φ) ) . (6)

Obviously, under proper re-interpretation of all terms in it, this lagrangian gives the action (1) as a truncated 4- dimensional LEL action in graviton-dilaton sector of the string theory, i.e., as an action, obtained neglecting i)the contribution of all other string excitations, ii)the contribution of the fields, connected with the higher dimensions and iii)contribution of higher order terms of string perturbation theory.

At present the exact form of the potential_S V_{SUSY} (ϕ) is not known. It may originate from SUSY breaking due to gaugino condensation [7], or may appear in the theory in some more sophisticated way.

The form of lagrangian (6) in FF is more simple than the corresponding form in EF – (5). In the FF we have a more direct interpretation of the MDG in the spirit of Jordan-Fierz-Brans-Dicke theory, i.e. as a theory with variable gravitational ”constant” G = ḠΦ^{−1} = Ḡexp ( ∓^{2ϕ√}_{D−1} ) . Because of the quadratic equation p_2(b_F ) = 0 we have two possible values of the parameter b_F and two fundamental frames: F F_±. In each of them the gravitational ”constant” depends exponentially on the original (i.e., defined in the SF) dilaton field ϕ, but the signs of the arguments in the corresponding exponents are opposite.

Note that using other values of the parameter b in the exponential factor e^{bϕ} of the Weyl conformal transformation, one can produce a kinetic term for the dilaton in the action of theory with any desired value of the coefficient ω. It is clear that among the infinitely many possible conformal frames the above two: the Einstein frame and the fundamental frame are distinguished ones.

Usually one prefers to work in Einstein frame, because in it the field variables_Eg_{μν} and ϕ are separated and the corresponding Cauchi problem is well posed [11]. Thus, the choice of Einstein frame is a convenient mathematical tool which is analogous to the choice of normal coordinates in usual mechanics and field theory. In the reference [11] an additional description of this property of Einstein frame is stressed: in it we have no mathematical mixing between ”true” helicity-0 excitation ϕ and helicity-2 excitation_E g_{μν} , in contrast to the situation in other conformal frames. For example, in Jordan frame for scalar-tensor theories of general type these excitation are mixed, see for details the reference [11].

It is well known that the EF is not the physical one and one needs to find the physical frame to reach a right interpretation of the results, see for example [11] and the references therein.

Im MDG the true separation of the physical properties of the helicity-0 and helicity-1 degrees of freedom takes place in the fundamental frame:

1) Because of the condition ω(Φ) ≡ 0 in MDG we have a local functional dependence between the fields ϕ and Φ := exp ( ±^{2ϕ√}_{D−1} ) , instead of the differential equation (2.4b) in the reference [11]. Therefore the field Φ is not physically different from the field ϕ, at least locally, and it carries all physical properties of the true helicity-0 degree of freedom, nevertheless these properties are described in a different mathematical way.

2) In contrast to other frames in FF the helicity-0 field degree of freedom does not interact directly with matter at all, and only the helicity-2 field degree of freedom is responsible for the interaction of gravity with matter.

Some time ago, the FF was recognized to be an useful tool in the two-dimensional models of dilatonic gravity, both classical and quantum ones – see the recent article [20] and the references therein. Moreover, for the exact quantization of all D = 2 models of pure dilatonic gravity with arbitrary potential U (Φ) it turned out to be critical to work just in the FF frame [21].

Now our main physical assumption may be formulated as a hypothesis that the week equivalence principle is valid precisely in FF. This means that just in FF we are to set the action for usual matter in its GR form, i.e., we accept the FF as a physical frame in which the physical observations and experiments are performed. They are described in the terms of standard non-Euclidean 4- space-time geometry. In other words we assume that in these experiments one is testing just the FF geometry using the real physical objects. Hence the name ”fundamental frame”.

The string theory is supposed to work in the well studied and relatively simple way at Planck scales, but in it one needs some additional (at present unknown) procedures for describing the usual matter. As a result, at present we do not know how to treat the real matter (build of electrons, protons, π-mesons, e.t.c.) in the framework of string theory. In particular, the interaction of stringy dilaton with usual matter is unknown, see the discussion of this problem and possible violation of the week equivalence principle due to the interaction of dilaton with usual matter in [23]. In this situation our choice of FF as a physical frame justifies the very string theory in the spirit of Fierz article [22], where he first noticed that the extremely high precision of the week equivalence principle (nowadays it is at the level of 10^{−12}) suggests that the coupling of matter and gravity must have an exact metric form, but there still exist an open possibilities to change the Einstein-Hilbert action of GR, see the recent reference [24], too. If successful, our model of MDG can help the further development of string theory as a possible physical description of the real world.

The action (1) appears, too, in a new model of gravity with torsion and unusual local conformal symmetry after its breaking in metric-dilaton sector [26] and in D = 5 Kaluza-Klein theories [27].

For boson stars the MDG was tested in [28]. There it was shown that the star structure is slightly sensitive mainly to the mass term in the dilatonic potential (typically into a few percent) and do not depend on the exact form of this potential.

Investigation of MDG was started by O’Hanlon in connection with Fujii’s theory of massive dilaton [25], but without any relation with cosmological constant problem and other problems of cosmology and astrophysics.

An essential new element of our MDG is the nonzero cosmological constant Λ [12]. Nevertheless at present still exist doubts in astrophysical data: Ω_Λ = .65 ± .13, H_0 = (65 ± 5) km s^{−1}M ps^{−1} which determine

Λ^{obs} = 3Ω_ΛH^2_0 c^{−2} = (.98 ± .34) × 10^{−56}cm^{−2}

we accept this observed value of cosmological constant as a basic quantity which defines natural units for all other cosmological quantities, namely: cosmological length: A_c := 1/ √ Λ^{obs} = (1.02 ± .18) × 10^{28}cm, cosmological time: T_c := A_c/c = (3.4 ± .6) × 10^{17}s = (10.8 ± 1.9)Gyr, cosmological energy density: ε_c :=^{Λc2}_κ = (1.16 ± .41) × 10^{−7}g cm^{−1} s^{−2}, cosmological energy: E_c := 3A^3_c ε_c = 3Λ^{−1/2}c^2κ^{−1} = (3.7 ± .7) × 10^{77}erg, cosmological momentum: P_c := 3c/(κ √ Λ^{obs}) = (1.2 ± .2) × 10^{67}g cm s^{−1} and cosmological unit for action:

A_c := 3c/(κΛ^{obs}) = (1.2 ± .4) × 10^{122} h̄,

κ being Einstein constant. Further we use dimensionless variables like: τ := t/T_c, a := A/A_c, h := H T_c (H := A^{−1}dA/dt being Hubble parameter), ϵ_c := ε_c/|ε_c| = ±1, ϵ := ε/|ε_c|-matter energy density, etc.

In our special scalar-tensor model of gravity the cosmological factor Π(Φ) is the only unknown function which has to be chosen to comply with gravitational experiments and observations and to solve the inverse cosmological problem described in the last Section.

II. SOLAR SYSTEM AND EARTH-SURFACE GRAVITATIONAL EXPERIMENTS

From known gravitational experiments one can derive the following properties of cosmological factor Π(Φ):

1. MDG with Λ = 0 contradicts to solar system gravitational experiments. The cosmological term ΛΠ(Φ) ≠ 0 in action (1) is needed to overcome this problem.

2. In contrast to O’Hanlon’s model we wish MDG to reproduce GR with Λ ≠ 0 for some Φ = Φ̄ = const ≠ 0, i.e., the original de Sitter solution. Then we derive for cosmological factor of this solution the conditions:

Π(Φ̄) = 1,^{dΠ}_{dΦ} (Φ̄) = Φ̄^{−1},^{d2Π}_{dΦ2} (Φ̄) =^3_2 p^{−2}Φ̄^{−2} (7)

as follows: i)From action (1) we obtain the first normalization condition and Einstein constant κ = κ̄/Φ̄; ii)In vacuum, far from matter MDG have to allow week field approximation: Φ = Φ̄(1 + ζ) (|ζ| ≪ 1). Then the linearized dilaton equation (2): 2ζ + ζ/l^2_Φ =^κ_{3c2} T gives the second condition and iii)Taylor series expansion of the function^{dV}_{dΦ} (Φ) around the value Φ̄ introduces dimensionless Compton length of dilaton p =^{lΦ}_{Ac} and gives the third of conditions (7). As a result we obtain

Π = 1+ ζ + 3 4p^2 ζ^2 + O(ζ^3). (8)

3. Point particles of masses m_a as source of metric and dilaton fields give in Newtonian approximation gravitational potential φ(r) and dilaton field Φ(r):

φ(r)/c^2 = −^G_{c2} ∑ a m_a |r −r_a| ( 1+α(p)e^{−|r−r a|/lΦ} )

−^1_6 p^2 ∑ a m_a M (|r − r_a|/l_Φ)^2 , (9)

Φ(r)/Φ̄ = 1 +^2_3^G_{c2(1− 43 p2)} ∑ a m_a |r −r_a | e −|r−r_a |/lΦ , (10)

G =^{κc2}_{8π} (1−^4_3 p^2) is Newton constant, M = ∑ a m_a. The term −^1_6 p^2 ∑ a m_a M (|r −r_a|/l_Φ)^2 = −^1_6 Λ|r − ∑ a m_a M r_a|^2 + const in φ is known from GR with Λ ≠ 0. It represents an universal anti-gravitational interaction of test mass m with any mass m_a via repellent elastic force

F_{Λ a} =^1_3 Λmc^{2 ma}_M (r − r_a). (11)

For solar system distances l ≤ 1000AU neglecting the Λ term ( of order ≤ 10^{−24}) we compare the gravitational potential φ with specific MDG coefficient α(p) =^{1+4p2}_{3−4p2} with Cavendish type experiments and obtain an experimental constraint l_Φ ≤ 1.6 [mm], or p < 2×10^{−29}. Hence, in the solar system the factor e^{−l/lΦ} has fantastic small values (< exp(−10^{13}) for the Earth-Sun distances l, or < exp(−3 × 10^{10}) for the Earth-Moon distances l) and there is no hope to find some differences between MDG and GR in this domain.

The corresponding constraint m_Φc^2 ≥ 10^{−4}[eV ] does not exclude a small value (with respect to the elementary particles scales) for the rest energy of hypothetical Φparticle.

5. The parameterized-post-Newtonian(PPN) solution of equation (2) is complicated, but because of the constraint p < 10^{−28} we may use with great precision Helbig’s PPN formalism [29] (for α =^1_3 ). Because of the condition ω ≡ 0 we obtain much more definite predictions then usual general relations between α and the length l_Φ:

• Nordtvedt Effect:

In MDG a body with significant gravitational selfenergy E_G = ∑ b≠c G m_b m_c |r_b −r_c | will not move along geodesics

due to additional universal anti-gravitational force:

F_N = −^2_3 E_G ∇Φ. (12)

For usual bodies it is too small even at distances |r − r_a| ≤ l_Φ, because of the small factor E_G. Hence, in MDG we have no strict strong equivalence principle nevertheless the week equivalence principle is not violated.

The experimental data for Nordtvedt effect, caused by the Sun, are formulated as a constraint η = 0 ± .0015 on the parameter η which in MDG becomes a function of the distance l to the source: η(l) = −^1_2 (1 + l/l_Φ) e^{−l/lΦ} . This gives constraint l_Φ ≤ 2 × 10^{10}[m].

• Time Delay of Electromagnetic Waves The action of electromagnetic field does not depend on the field Φ. Therefore influence of Φ on the electromagnetic waves in vacuum is possible only via influence of Φ on the space-time metric. The solar system measurements of the time delay of the electromagnetic pulses give the value γ = 1 ± .001 of this post Newtonian parameter. In MDG this yields the relation (1 ± .001)g(l_{AU} ) = 1 and gives once more the constraint l_Φ ≤ 2 × 10^{10}[m]. Here g(l) := 1 +^1_3 (1 + l/l_Φ)e^{−l/lΦ} .

• Perihelion Shift For the perihelion shift of a planet orbiting around the Sun (with mass M_⊙) in MDG we have: δφ =^{k(lp)}_{g(lp)} δφ_{GR} . Here l_p is the semimajor axis of the orbit of planet and k(l_p) ≈ 1 +^1_{18} ( 4 +^{l2p}_{l2Φ}^{lp c2}_{GM}fi ) e^{−lp /lΦ} −^1_{27} e^{−2lp /lΦ} is obtained neglecting its eccentricity. The observed value of perihelion shift of Mercury gives the constraint l_Φ ≤ 10^9[m].

Hence, the known data show that dilaton field Φ does not cause observable deviations from GR in solar system. Essential deviations from Newton law of gravity may not be expected at distances greater then few mm.

III. VACUUM ENERGY AND TRUE VACUUM SOLUTION IN MDG

Consider the total (true) tensor of energy momentum:

T T_{μν} := T_{μν} + < ρ_0 > c^2g_{μν} , (13)

<ρ_0> being the averaged energy density of the zero quantum fluctuations. For true vacuum solution of MDG: Φ = Φ_0 = const, g_{μν} = η_{μν} (Minkowski metric) from field equations (2) we obtain:

Φ_0 dΠ dΠ (Φ_0) + Π(Φ_0) = 0 (14)

T^0_{μν} = − c^2 κ̄ ΛU_0η_{μν} = T T^0_{μν} − < ρ_0 > c^2η_{μν}, (15)

where U_0 = Φ_0Π(Φ_0) = Φ_0Π_0. But for true vacuum solution we must have T T^0_{μν} ≡ 0 and then

< ρ_0 >= κ^{−1}ΛU_0 = κ^{−1}ΛΠ_0. (16)

Hence, true vacuum (T T_{μν} = 0) yields Minkowski spacetime, but physical vacuum (T_{μν} = 0) yields de Sitter space-time. In our model the real word is de Sitter Universe created by zero quantum vacuum fluctuations and perturbed by other matter and radiation fields.

For <ρ_0> calculated using Plank length as a quantum cutoff the observed value of Λ gives:

κ < ρ_0 > /Λ = U (Φ_0)/U (Φ̄) ≈ 10^{122}. (17)

This huge number yields the famous cosmological constant problem and varies from 10^{118} to 10^{123} in different articles [5]. We see that: 1) It is obviously close in order to the ratio of cosmological action A_c and Planck constant h̄: U (Φ_0)/U (Φ̄) ≈ A_c/h̄; 2) in MDG there is no crisis caused by this number, because it gives the ratio of the values of cosmological potential for different solutions: Φ_0 and Φ̄, i.e. for different states of the Universe.

If we calculate the values A^0_{G,Λ} and Ā_{G,Λ} of the very action (1) and introduce corresponding specific actions per unit volume: α_0 = −Λcκ̄^{−1}U_0 and ᾱ = Λcκ̄^{−1}Ū , we can rewrite the above observed result in the form ᾱ ≈ −α_0 × h̄/A_c = |α_0| × 10^{−122}.

We hope that this new formulation of cosmological constant problem will bring us to its resolution.

It’s natural to think that the huge ratio A_c/h̄ ≈ 10^{122} is produced during the evolution of the Universe. To perform qualitative analysis we consider first the simplest model of Universe build of Bohr hydrogen atoms in ground state, i.e. we describe the whole content of the Universe using such effective Bohr hydrogen (EBH) atoms. Then for the time of the existence of Universe T_U ∼ 4 × 10^{17}sec one EBH atom with Bohr angular velocity ω_B = m_ee^4h̄^{−3} ∼ 4 × 10^{16}sec^{−1} accumulates classical action A_{EBH} = 3/2 ω_BT_U h̄ ∼ 2.4 × 10^{34} h̄. Hence, the number of EBH in Universe, needed to explain the present day action ∼ A_c, must be N_{EBH} ∼ 5 × 10^{87}. This seems to be quite reasonable number, taking into account that the observed number of barions in Universe is N^{obs}_{barions} ∼ 10^{78} and we see that in our approach we have disposable some 9 orders of magnitude to solve cosmological constant problem taking into account the contribution of all other constituents of matter and radiation (quarks , leptons, gamma quanta, etc) during the evolution of Universe from the Big Bang to the present epoch. Neglecting the temperature evolution of the Universe, we obtain an accumulated action A_γ ∼ ω_γ T_U h̄ ∼ 10^{30} h̄ for one γ-quanta of CMB (which is most significant part of radiation in Universe). A simple estimate for Bohrlike angular velocity of constituent quarks in proton is ω_{Bq} = m_e/m_q(r_B /r_p)^2ω_B ≈ 10^7ω_B (for mass of constituent quark m_q ∼ 5M eV , Bohr radius r_B and radius of proton r_p ∼ 8×10^{−13}cm). Then the action, accumulated by constituent quarks in one proton during evolution of the Universe, is A_p ∼ ω_{Bq} T_U h̄ ∼ 10^{42} h̄. This gives unexpectedly good estimation for the number of effective protons (ep) in the Universe: N_{ep} ∼ 10^{80}. We may use the left-off two orders of magnitude to take into account contribution of the other matter constituents and of the temperature evolution of the Universe: during the shorttime initial hot phase some additional action must be produced.

The main conclusion of this qualitative consideration based on classical mechanics and simplest application of basic quantum relations is that actually in MDG the observed nonzero value of cosmological constant Λ^{obs} ≠ 0 restricts the number of degrees of freedom in the observable Universe and maybe forbids the existence of more deep levels of matter below the quark level.

IV. APPLICATION OF MDG IN COSMOLOGY

In MDG for Freedman-Robertson-Walker (FRW) adiabatic homogeneous isotropic Universe with ds^2_{F RW} = c^2dt^2 − A^2dl^2_k, t = T_cτ , A(t) = A_ca(τ ) and dimensionless dl^2_k =^{dl2}_{1−kl2} + l^2(dθ^2 + sin^2θ)dφ^2 (k = −1, 0, 1) in presence of matter with energy-density ε = ε_cϵ(a)/Φ̄ and pressure p = ε_cp_ϵ(a)/Φ̄ dynamical equations are: 1 a d2a dτ2 +^1_{a2} (^{da}_{dτ} )^2 +^k_{a2} =^1_3 (Φ^{dΠ}_{dΦ} (Φ) + Π(Φ)) , 1 a da dτ dΦ dτ + Φ (_1 a2 (^{da}_{dτ} )^2 +^k_{a2} ) =^1_3 (ΦΠ(Φ) + ϵ(a)) . (18)

The use of Hubble parameter h(a) = a^{−1 da}_{dτ} (τ (a)) (where τ (a) is the inverse function of a(τ )), new variable λ = ln a and prime for differentiation with respect to λ gives the system for Φ(λ) and h^2(λ): 1 2 (h^2)^′ + 2h^2 + ke^{−2λ} =^1_3 (Φ^{dΠ}_{dΦ} (Φ) + Π(Φ)) ,

h^2Φ^′ + ( h^2 + ke^{−2λ} ) Φ =^1_3 (ΦΠ(Φ) + ϵ(e^λ))

and relation τ (a) = ∫_a a_{in} da/(a h(a)) + τin. Excluding cos-

mological factor Π(Φ) we obtain the equation:

Φ^{′′}+

(_h0 h −1 ) Φ^′ +2

(_h0 h − kh^{−2}e^{−2λ} ) Φ =^1_{3h2} ϵ^′, (19)

or in terms of the function ψ(a) = √ |h(a)|/a Φ(a): ψ^{′′} + n^2ψ = δ, (20)

−n^2 =^1_2^h00_h −^1_4 (^h0_h )^2−^5_2^h0_h +^1_4 +^{2k}_{h2} e^{−2λ}, δ =^1_3 √ a/|h|^{3 dϵ}_{da} . Now we are ready to consider the inverse cosmological problem: to find a cosmological factor Π(Φ) which yield given evolution a(τ ) of the Universe. A remarkable property of MDG is that unique solution of this problem exist for almost any three times differentiable function a(τ ); the values of all ”bar” quantities (including κ̄ in action (1)) may be determined from time evolution a(τ ) of the Universe via the solution λ̄ = ln ā of the Eq. (4).

Indeed: for known a(τ ) construct the function h(λ) and find the point λ̄ as real solution of the algebraic equation r(λ̄) = −4, r(λ) = −6

(_1 2 (h^2)^′ +2h^2 +ke^{−2λ} ) being dimensionless scalar curvature: r = R/Λ. Then using Eq. (7) obtain Φ̄ = −4ϵ̄ ( 1+^4_3 p^2 ) / (¯ j^′_{00}(1+^4_3 p^2) + 4p^2h̄^2r̄^′ ) , Φ̄^′/Φ̄ = −^1_3 p^2r̄^′/ (1+^4_3 p^2); j_{00} = G_{00}/Λ = 3 (h^2 +ke^{−2λ}) is dimensionless 00-component of Einstein tensor. In their turn quantities Φ̄ and Φ̄^′ determine the values of constants C_{1,2} in general solution Φ(λ) of Eq. (19): Φ(λ) = C_1Φ_1(λ) + C_2Φ_2(λ) + Φ_ϵ(λ) where Φ_1(λ) and Φ_2(λ) are a fundamental system of solutions of corresponding homogeneous equation and

Φ_ϵ = ā (3h̄Δ̄) ( Φ_2 ∫_λ λ̄ dϵ Φ_1 ah − Φ_1 ∫_λ λ̄ dϵ Φ_2 ah ) ,

Δ(λ) = Φ_1Φ^′_2 − Φ_2Φ^′_1. The dependence on λ of cosmological factor Π and potential V are given by equations

Π(λ) = j_{00} + 3h^2Φ^′/Φ − ϵ/Φ,

V (λ) =^2_3 ∫ Φ (ΦΠ^′ − Φ^′Π) dλ (21)

which define functions Π(Φ) and V (Φ) implicitly.

This mathematical result shows maybe the best way to study SUSY breaking and the corresponding potential V_{SUSY} (ϕ): we have to reconstruct the real time evolution a(τ ) of the Universe from astrophysical observations.

Finally we stress following specific properties of MDG: 1) If n > 0 dilatonic field Φ(a) oscillates; if n < 0 such oscillations do not exist. The change of sign of dilaton field Φ yields phase transitions of Universe from gravity (Φ > 0) to anti-gravity (Φ < 0), or vice-versa which are possible for width class of cosmological potentials, but excluded for other potentials.

2) In spirit of Max principle Newton constant depends on presence of matter: G ∼ 1/Φ̄∼ 1/ϵ̄.

3) For simple functions a(τ ) the cosmological factor Π(Φ) and potentials V (Φ) and U (Φ) may show unexpected catastrophic behavior: ∼ (ΔΦ)^{3/2} (ΔΦ = Φ−Φ(λ^⋆)) in vicinity of the critical points λ^⋆: Φ^′(λ^⋆) = 0 of the projection of analytical curve {Π(λ), Φ(λ), λ} on the plain {Π, Φ}. Scale factors a(τ ) yielding an everywhere analytical cosmological factor Π(Φ) exist, too.

4) Clearly one can construct MDG model of Universe without initial singularities: a(τ_0) = 0 (which are typical for GR) and with any desired kind of inflation.

5) Because the dilaton field Φ is quite massive, in it will be stored significant amount of energy. An interesting open question is: may the field Φ play the role of dark matter in the Universe?

A very important problem is to reconstruct the cosmological factor Π(Φ) of real Universe using proper experimental data and astrophysical observations. This problem was at first studied in [30] for more complicated models than MDG with two independent unknown functions.

We see that MDG is a rich model with new curious features and deserves further careful investigation.

Acknowledgments: The author is deeply indebted to A. D. Dolgov and L. B. Okun’ for discussions on some properties of MDG and its connection with cosmological constant problem, to G. Esposito-Farése for the useful additional information about the scalar-tensor theories of gravity in connection with MDG, to A. A. Starobinsky for his kind help in the references and for his comment about the relation of MDG model and Starobinsky model [17] and to E. Gozzi for his help and kind hospitality in the Department of Theoretical Physics of the University of Trieste, where a part of this work has been performed.

[1] S. Perlmutter et al., ApJ 517, 565 (1998). S. Perlmutter al., Nature 391, 51 (1998). A. G. Riess et al., Astron. J. 116, 1009 (1988). B. Schmidt et al., ApJ 507, 46 (1998). Garnavich P.M. et al., ApJ 493, L53 (1998).

[2] G. F. Smoot et al., ApJ 396, L1 (1992). J. C. Mather et al., ApJ 512, 511 (1999) C. Lineweaver, CMBology, astro-ph/9909301. P.de Bernardis et al., Nature 404, 995 (2000) Hanany et al., ApJL 545, L5 (2000). P.de Bernardis et al., First results from BOOMERanG Experiment, astro-ph/0011469.

[3] N. Bahcall, J. P. Ostiker, S. Perlmutter, P. J. Steinhardt, Science, 285, 1481 (1999). M. Rowan-Robinson, Cosmological parameters: do we already know the final answer?, astro-ph/0012026.

[4] S. Weinberg, Gravitation and Cosmology, Wiley, N.Y.

(1972). C. M. Will, Theory and Experiment in Gravitational Physics, Cambridge University Press (1993).

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

The Cosmological Constant Problem,astro-ph/0005265. L. M. Krauss, hep-ph/9807276. S. M. Carroll, The Cosmological Constant, astro-ph/0004075.

[6] A. Linde, Particle Physics and Inflationary Cosmology, Harwood Acad. Publ., Chur, 1990.

[7] J. Polchinski, String Theory, Volums 1 and 2, Cambridge University Press (1988).

[8] P. Jordan, Nature 164, 637 (1949). M. Fierz, Helv.

Phys. Acta 29, 128 (1956). P. Jordan, Z. Phys. 157, 112 (1959). C. Brans, R. H. Dicke, Phys. Rev., 124, p. 925, 1961. P. G. Bergmann, Int. J. Th. Phys. 1, 25 (1968). K. Nordtvedt, ApJ. 161, 1059 (1970). R. V. Wagoner, Phys. Rev. D 1, 3209 (1970).

[9] T. Damour, J. H. Taylor, Phys. Rev. D545, 1840 (1992).

T. Damour, G. Esposito-Farése, Class. Quant. Grav. 9, 2093 (1992); Phys. Rev. Lett. 70, 2220 (1993); Phys. Rev. D53, 5541 (1996); Phys. Rev. D54, 1474 (1996).

[10] R. Ratra, P. J. Peebles, Phys. Rev. D37, 3406 (1988).

D. La, P. J. Steinhardt, Phys. Rev. Lett. 62, 376 (1989); Phys. Lett. B 220, 375 (1989); Phys. Lett. B 231, 231 (1989); R. R. Caldwell, R. Dave, P. J. Steinhardt, Phys. Rev. Lett. 80, 1582 (1998). I. Zlatev, L. Wang, P. J. Steinhardt, Phys. Rev. Lett. 82, 896 (1999). P. J. Steinhardt, Quitessential Cosmology and Cosmic Acceleration, http://feynman.princeton.edu¸steinh/.

[11] G. Esposito-Farése, D. Polarski, Scalar-tensor gravity in an accelerating universe, gr-qc/0009034.

[12] P. P. Fiziev, Mod. Phys. Lett. A15 (32), p. 1977 (2000). [13] A. A. Starobinsky, Grav. Cosmol.4, p.88 (1998). [14] S. Sen, A. A. Sen, Late time acceleration in Brans Dicke Cosmology, gr-qc 0010092.

[15] G. Magnano, L. M. Sokolowski , Phys. Rev. D 50, 5039 (1994).

[16] N. D. Birrel, P. C. W. Davies, Quantum Fields in Curved Space, Cambridge University Press, Cambridge, 1982.

[17] A. A. Starobinsky, Phys. Lett. B91 (1), p. 99 (1980); A.

Vilenkin, Phys. Rev. D32(10), p. 2511 (1985). [18] S. W. Hawking, T. Hertog, H. S. Real, Phys. Rev. D62, 043501; S. W. Hawking, T. Hertog, H. S. Real, hepth/0010232;

[19] S. Gottlöber, V. Müller, H. J. Schmidt, A. A. Starobinsky, Int. J. Mod. Phys. D1(2), 257 (1992).

[20] M. Cavaglia, A note on Weil transformations in twodimensional dilaton gravity, hep-th/0011136.

[21] D. Louis-Martinez, J. Gegenberg, G. Kunstatter, Phys.

Lett. B321, 193 (1994).

[22] M. Fierz, Helv. Phys. Acta 29, 128 (1956). Damour T. Damour, A. M. Polyakov, Nucl. Phys. B423, 532 (1994); Gen. Rel. Grav. 26 1171 (1994). T. Damour, Equivalence Principle and Clocks, gr-qc/9904032.

[23] T. Damour, A. M. Polyakov, Nucl. Phys. B423, 532 (1994), Gen. Rel. Grav. 26 1171 (1994). T. Damour, Equivalence Principle and Clocks gr-qc/9904032.

[24] T. Damour, Experimental Tests of Relativistic Gravity, gr-qc/9904057.

[25] J. O’Hanlon, Phys. Rev. Lett. 29, 137 (1972). Y. Fujii, Nature (London) Phys. Sci, 234, 5 (1971); Y. Fujii, Phys. Rev. D 9, 874 (1974).

[26] P. Fiziev, Torsion Dilaton and Novel Minimal Coupling Principle, E-print: gr-qc/9809001.

[27] Y. Fujii, Gravitation and scalar field, Kodan-sha, Tokyo, 1997.

[28] P. Fiziev, S. Yazadjiev, T. Boyadjiev, M. Todorov, Phys.

Rev. D 61, 124018 (2000).

[29] A. De Rújula, Phys. Lett. B 180, 213 (1986). T. Helbig, ApJ 382, 223 (1991).

[30] A. A. Starobinsky, JETP Lett. 68, 757 (1998); V. Sahni, A. A. Starobinsky, astro-ph/990439; T. D. Saini, S. Raychaudhury, V. Sahni, A. A. Starobinsky, astroph/9910231; B. Boisseau, G. Esposito-Farése, D. Polarski, A. A. Starobinsky, gr-qc/0001066.