arXiv:hep-th/0208156 v2 30 Aug 2002

Supergravity, Dark Energy and the Fate of the Universe

Renata Kallosh,^1 Andrei Linde,^1 Sergey Prokushkin^1 and Marina Shmakova^2 1Department of Physics, Stanford University, Stanford, CA 94305-4060, USA 2 SLAC, Stanford University, Stanford, CA 94309

We propose a description of dark energy and acceleration of the universe in extended supergravities with de Sitter (dS) solutions. Some of them are related to M-theory with non-compact internal spaces. Masses of ultra-light scalars in these models are quantized in units of the Hubble constant: m^2 = n H^2. If dS solution corresponds to a minimum of the effective potential, the universe eventually becomes dS space. If dS solution corresponds to a maximum or a saddle point, which is the case in all known models based on N = 8 supergravity, the flat universe eventually stops accelerating and collapses to a singularity. We show that in these models, as well as in the simplest models of dark energy based on N = 1 supergravity, the typical time remaining before the global collapse is comparable to the present age of the universe, t = O(10^{10} ) years. We discuss the possibility of distinguishing between various models and finding our destiny using cosmological observations.

Contents

I Introduction 1 A Dark energy and our future . . . . . 1 B Dark energy in extended supergravity 2 C Supergravity and the fate of the universe . . . . . . . . . . . . . . . . . 3

II Supergravities with de Sitter Solutions and Dark Energy 4 A Collapsing universe . . . . . . . . . 5 B Future dS universe . . . . . . . . . 6

III Gauged Supergravities and Collapsing Universe 6 A N = 8 supergravity and M-theory . 6 B Cosmology in N = 8 models . . . . 7 C Collapsing universe in N = 4, N = 2 gauged supergravities . . . . . . . . 9

IV Gauged Supergravities with de Sitter Attractor 9 A Axion-dilaton dark energy . . . . . 9 B S, T, U moduli dark energy . . . . . 10 C Generic future de Sitter universe . . 11

V M-theory and Dark Energy with Exponential Potentials 12

VI N = 1 Supergravity 13 A Supergravity quintessence model . . 13 B Generic N = 1 supergravity and Polónyi model . . . . . . . . . . . . 14 C The axion dark energy model . . . 16

VII Discussion 17

I. INTRODUCTION

A. Dark energy and our future

Recent observations of Type Ia supernovae and the CMB show that the Universe is accelerating, and it is spatially flat (Ω_{tot} = Ω_M + Ω_D = 1). Approximately 0.3 of the total energy density of the universe ρ_0 ∼ 10^{−120}M^4_p ∼ 10^{−29} g/cm^3 consists of ordinary matter (Ω_M ≈ 0.3), and 0.7 of the energy density corresponds to dark energy (Ω_D ≈ 0.7), see [1,2] and references therein.

One can interpret the dark energy ρ_D either as the vacuum energy (cosmological constant) Λ ∼ 0.7ρ_0, or as the slowly changing energy of a scalar field ϕ with a vacuum-like equation of state p_D = w ρ_D, w ≈ −1. In either case our universe is supposed to be accelerating and rapidly approaching de Sitter (dS) regime. Therefore it would be tempting to conclude that our universe in the future is going to expand exponentially for an indefinitely long time, a ∼ e^{Ht}, even if it is closed.

However, dS regime may be transient, and the future of the universe may be quite different. For example, in most of the models of dark energy it is assumed that the cosmological constant is equal to zero, and the potential energy V (ϕ) of the scalar field driving the present stage of acceleration, slowly decreases and eventually vanishes as the field rolls to ϕ = ∞, see e.g. [3–7]. In this case, after a transient dS-like stage, the speed of expansion of the universe decreases, and the universe reaches Minkowski regime. In both cases (dS space and Minkowski space) life may survive for an extremely long time until all protons decay and the energy resources of the nearby part of the universe are depleted.

However, there is another possibility, which for a long time did not attract much attention. It is quite possible that V (ϕ) has a minimum at V (ϕ) < 0, or that it does not have any minimum at all and the field ϕ is free to fall to V (ϕ) = −∞. In this case the universe eventually collapses, even if it is flat [8–17].

Thus, depending on the choice of the model describing dark energy, the flat universe with Ω = 1 may eventually become dS space, or Minkowski space, or collapse. (It can never become AdS space with energy density dominated by a negative cosmological constant [13,14,16].)

B. Dark energy in extended supergravity

The main goal of this paper is to investigate the possibility to describe dS space and dark energy in supergravity. We will mainly concentrate on the extended gauged supergravities, although we will also discuss some models based on N = 1 supergravity. The extended supergravities are most interesting for two reasons. First of all, they have much closer relation to M/string theory than the ordinary N=1 supergravity. In particular, the maximal d = 4 N = 8 supergravity has the same amount of supersymmetries as M-theory, 8×4 = 32 (there are 32 supersymmetries in d = 11 M-theory). Also, in the context of theories with extra dimensions the standard N=1 supergravity (with 4 supercharges) simply does not exist in the bulk; the smallest possible supersymmetry in d = 5 has 8 supercharges, 2 × 4 = 8 and therefore N ≥ 2 in d ≥ 5. In N = 1 supergravity it is easy to construct a nonvanishing scalar potential (the F -term potential) by choosing a proper superpotential W . The freedom of choice is almost unlimited, which does not provide us with strict guiding principles that could help us to construct a realistic theory. Meanwhile, in the extended supergravity one does not have this freedom. Nonvanishing potentials appear only after gauging of some of the global symmetries of the theory. In a certain sense, the total potential is similar to the D-term potential in N = 1 theory: it disappears for vanishing gauge coupling g.

Recently it was found that one can describe dark energy in some d = 4 extended gauged supergravities that have dS solutions [13,18]. Some of these supergravities solve the equations of motion of M-theory with non-compact internal spaces [19].

These dS solutions correspond to the extrema of the effective potentials V (ϕ) for some scalar fields ϕ. An interesting and very unusual feature of these scalars in all known theories with N ≥ 2 is that their mass squared is quantized in units of the Hubble constant H_0 corresponding to dS solutions:^{m2}_{H20} = n, where n are some integers of the order 1. This property was first observed in [13] for a large class of extended supergravities with unstable dS vacua, and confirmed and discussed in detail more recently in [18] with respect to a new class of N = 2 gauged supergravities with stable dS vacua [20]. The universality of the relation^{m2}_{H20} = n may be attributed to the fact that^{m2}_{H20} is an eigenvalue of the Casimir operator of dS group, [18].

The meaning of this result can be explained in the following way. Usually the effective potential near its extremum can be represented as V (ϕ) = Λ + m^2ϕ^2/2, where Λ and m^2 are two free independent parameters. However, in extended supergravities with Λ > 0 one always has m^2 = nΛ/3, where n are integers (we are using units M_p = 1). Taking into account that in dS space H^2_0 = Λ/3, one has, for |ϕ| ≪ 1, V (ϕ) = Λ(1 + nϕ^2/6) = 3H^2_0 (1 + nϕ^2/6). In particular, in all known versions of N = 8 supergravity dS vacuum corresponds to an unstable maximum, m^2 = −6H^2_0 [13,18], i.e. at |ϕ| ≪ 1 one has

V (ϕ) = Λ(1 − ϕ^2) = 3H^2_0 (1 − ϕ^2) . (1)

Meanwhile, for the N = 2 gauged supergravity with stable dS vacuum found in [20] one has m^2 = 6H^2_0 for one of the scalars, and for |ϕ| ≪ 1 one has

V (ϕ) = Λ(1 + ϕ^2) = 3H^2_0 (1 + ϕ^2) . (2)

In [13,14] it was explained that the ‘fast-roll’ regime with^{m2}_{H20} = O(1) is suitable for the late inflation describing the present stage of acceleration of the universe. If one takes Λ ∼ ρ_0 ∼ 10^{−120} in units M_p = 1 and H_0 ∼ 10^{−33} eV, corresponding to the present stage of expansion of the universe, then the quantization rule implies that there are ultra-light scalars with the mass of the order |m^2| ∼ H^2_0 ∼ (10^{−33}eV )^2. Here one should distinguish between the time-dependent Hubble constant H^2(t) = (ρ_M + ρ_D )/3 and its value H^2_0 = Λ/3 in dS regime where ρ_M = 0 and the dark energy field ϕ stays at the minimum/maximun of its potential. However, at the present time, with Ω_D ≈ 0.7, one has H(t) = O(H_0).

In the early universe the ultra-light scalar fields may stay away from the extrema of their potentials; typically they ‘sit and wait’ and start moving only when the Hubble constant H(t) determined by cold dark matter, decreases and becomes comparable to |m|. We will see that this could result in noticeable changes of the effective cosmological constant during the last 10 billion years. The existence of this effect can be verified by observational studies of the acceleration of the universe.

Extended supergravity may lead not only to potentials with dS extrema, but also to exponential potentials. We will show that a particularly interesting potential V ∼ e^{√2ϕ} can be derived in several models based on extended supergravity. Despite the current lore [7], the theory with this potential can describe dark energy and the present stage of acceleration of the universe, and it does not suffer from the problems with the existence of the event horizon discussed in [21].

An important feature of extended gauged supergravities is the fact that quantum corrections to the cosmological constant as well as to the ultra-light masses are related to the value of the cosmological constant Λ defining the scale of SUSY breaking. For Λ ∼ 10^{−120}M^4_p these quantum corrections are very small. Thus extended supergravities provide an example of a model where ultra-light scalars |m^2| ∼ Λ naturally appear and are protected against quantum corrections.

C. Supergravity and the fate of the universe

The relation |m^2| ∼ H^2 appears not only in extended supergravity. It is rather common in N = 1 supergravity for the moduli fields that have vanishing mass at M_p → ∞ [22]. In contrast to the extended supergravities, in the N = 1 case it is possible to avoid this relation: one can take a non-minimal Kähler potential, fine-tune the superpotential, and/or introduce non-trivial D-terms, what will modify the mass/Hubble ratio in a significant way. Indeed, in the supersymmetry breaking hidden sector one should avoid the relation |m^2| ∼ H^2_0 , in order to avoid huge cosmological constant Λ > (10^3 GeV)^4. However, there is no need to make this fine-tuning in the dark energy hidden sector^∗ .

In particular, the relation |m^2| ∼ H^2 occurs in the so-called supergravity quintessence model with dS minimum [24]. Although the potential of a truncated model in this case is simple, the supergravity model [24] is rather complicated, involving many fields with non-minimal Kähler potentials and a set of additional assumptions. In order to study a much simpler toy model for dark energy in N = 1 supergravity we will consider a Polónyi-type model [25] of the dark energy hidden sector. It has a minimal Kähler potential and the simplest superpotential W (z) = μ^2(z + β). The parameter μ should be taken extremely small, μ^4 ∼ ρ_0 ∼ 10^{−120}M^4_p . In this case there is no need to make the standard fine-tuning β = 2 − √ 3 in order to avoid the large cosmological constant. For |β| < 2 − √ 3 the potential has dS minimum with

∗A hidden sector for quintessence models in N = 1 supergravity, different from the supersymmetry breaking hidden sector, was proposed in [23,24].

Λ ∼ +10^{−120}M^4_p . For larger values of β = O(1) the potential has a minimum with Λ ∼ −10^{−120}M^4_p . As we will see, in both cases this model, just like the models based on N = 8 and N = 2 supergravity, can describe the present state of acceleration of the universe. However, the future of the universe does depend on the choice of the model.

Another interesting model is the axion quintessence [26,27]. In the M-theory motivated version of this model proposed in [27] one has V (ϕ) ∼ Λ cos(ϕ/f); for f = O(M_p) one finds m^2 = V^{′′}(0) = −O(H^2_0 ). As we will show, this version of the axion quintessence model can successfully describe the stage of acceleration of the universe, but, just like the N = 8 models, it leads to a global collapse of the universe in the future.

In order to obtain a fully realistic model of dark energy, one would need to construct theories involving the observable sector, the hidden sector responsible for supersymmetry breaking, and the hidden dark energy sector. This is a complicated and as yet unsolved problem. The supersymmetry breaking scale in the dark energy hidden sector is of the order M^D_{susy} ∼ 10^{−12} GeV . Meanwhile, in the supersymmetry breaking hidden sector the corresponding scale is M_{susy} ∼ 10^3 GeV or even much greater. This means that the difference between these two types of supersymmetry breaking is more than 15 orders of magnitude. Even though the fields from each of these sectors may interact with each other only gravitationally, this interaction may be strong enough to alter the important relation m = O(H_0) for the ultra-light scalars. This problem and various ways to address it were discussed in [23,24,28,27].

In this respect, extended supergravity may be particularly interesting as the dark energy hidden sector if the mysterious mass quantization rule m^2 = n H^2_0 has some fundamental meaning and remains stable with respect to the interaction of the ultra-light scalars with the fields from the observable sector. One may even argue that the reason for using extended N ≥ 2 supergravities is due to the nature of gravitational and vector fields that may live in five dimensions or higher, where N = 2 is the smallest supersymmetry available. However, realistic models of supersymmetry breaking in the context of supergravity, branes and extra dimensions are yet to be developed.

For the time being, one may consider the simple models of dark energy based on supergravity as toy models with some interesting and very unusual features that could be studied by cosmological observations.

In particular, if dS vacuum corresponds to a minimum of the effective potential, as in the N = 2 model of Ref. [20] and in the Polónyi model with |β| < 2− √ 3, the universe asymptotically approaches a stable dS regime.

On the other hand, if the effective potential is negative at the minimum, V (ϕ_0) < 0, as in the Polónyi model with |β| > 2− √ 3 and in the axion quintessence model with V (ϕ) ∼ Λ cos(ϕ/f), or if it is unbounded from below, as in all known versions of N = 8 supergravity admitting dS solutions, the flat Ω = 1 universe eventually collapses. The typical time remaining before the collapse in these models is O(m^{−1}) ∼ H^{−1}_0 . Since the total age of the universe now is also given by O(H^{−1}_0 ), in this class of models the time remaining before the global collapse is of the same order as the present age of the universe, t_{BigCrunch} ∼ 10^{10} years.

Thus, in this paper we will study the supergravity models which are able to describe nicely the present and the past, and may predict an ultimate collapse that may occur within the next 10-20 billion years. We will show that some of the models predicting gravitational collapse within the next 5 billion years can be ruled out by observational data. The investigation of the stability of the universe on a greater time scale will require a much more detailed observational study of the present stage of acceleration of the universe.

II. SUPERGRAVITIES WITH DE SITTER SOLUTIONS AND DARK ENERGY

In this paper we will consider late stages of evolution of universe, as predicted by inflationary theory. This means that the observable part of the universe is flat and nearly homogeneous, with the metric

ds^2 = dt^2 − a^2(t) d⃗x^2 . (3)

We will assume that in addition to cold dark matter with energy density ρ_M the universe also contains a slowly changing field ϕ. This field may take different values in different parts of the universe, but inside our horizon the field is almost exactly homogeneous.

Another assumption is that this field has an extremely flat effective potential V (ϕ), and the energy density of the post-inflationary universe was dominated not by this field, but by radiation and, later on, by cold dark matter with density ρ_M (t) =

ρ_M (t_0) (_{a(t0)} a(t) )_3

. Therefore even if the field ϕ rapidly moved in the early universe, eventually it lost its speed due to the effective ‘friction’ related to the redshift of its kinetic energy in an expanding universe. Since that time the field sits and waits at some point ϕ_0 until the expansion of the universe slows down and the field becomes free to move again.

The initial position ϕ_0 of the field at this stage is determined by the processes in the early universe. If one assumes that V (ϕ) is extremely flat, and that it was flat during inflation, then ϕ_0 can take all possible values in different parts of the universe, with probability that does not depend on ϕ_0, see e.g. [29,30].

It is also possible that in the early universe the effective potential was quite different. It could have a deep minimum at some particular value ϕ_0, and then the position of the minimum could change when the density of matter in the universe becomes sufficiently small [22]. For simplicity, in this paper we will assume that this is not the case and that V (ϕ) was always flat. However, this is an important and interesting issue to be studied in the future.

Let us consider for a moment an important case where V (ϕ) = Λ = const, or assume that V (ϕ) does depend on ϕ but ϕ_0 corresponds to an extremum of the effective potential, V^′(ϕ_0) = 0. In this case (if one ignores quantum fluctuations) the scalar field remains at the same point ϕ_0 even after the density of cold dark matter becomes small. Gradually the density of the universe becomes dominated by V (ϕ_0) = Λ.

At the stage when the universe was cold dark matter dominated, its scale factor obeyed the simple equation a(t) ∼ t^{2/3}, and the Hubble constant ȧ/a was given by H(t) =^2_{3t} . Once the universe becomes dominated by V (ϕ_0) = Λ, this regime switches to a(t) = e^{H0 t}, where H_0 = √ Λ/3 (in units M_p = 1). This is the regime of late inflation that can be described in terms of dS space.

De Sitter space is defined as a hypersurface in a 5d space −T^2 +^1_{c2} (X^2 + Y^2 + Z^2 + W^2) = H^{−2}_0 . Here c is the speed of light (later we will use the units c = 1). In terms of length scale we have

− X^2_0 + (X^2 + Y^2 + Z^2 + W^2) = R^2_0 . (4)

Here R_0 = cH_0 is the event horizon of dS universe: an observer in an exponentially expanding universe a(t) ∼ e^{H0t} sees only those events that take place at a distance no farther away than R_0.

Note that this regime begins at ρ_M ∼ Λ. Until that moment one can use the relation H =^2_{3t} . After that H decreases a bit and becomes constant, H = H_0. This implies that the switch between the two regimes occurs at the cosmological time t ∼ 0.5H^{−1}_0 . Numerical investigation shows that the present moment, when the total density of cold dark matter is about 0.3ρ_0 and Λ is about 0.7ρ_0, corresponds to the time t ≈ 0.8H^{−1}_0 after the end of inflation. In this regime H_0 = √ Λ/3 ≈ √ 0.7ρ_0/3 ≈ √ 0.7H, where H is the present value of the Hubble constant. Therefore one can re-express the present age of the universe in terms of H: t ≈ 0.8H^{−1}_0 ≈ 0.96H^{−1}. The last number will often appear in our figures since we will measure time in units of the present value of H^{−1}.

The best estimate of the present age of the universe is between 13.6 to 14 billion years [2]. This yields the value H^{−1}_0 ∼ 11 billion years, which corresponds to the size of the event horizon in dS space R_0 = cH^{−1}_0 ≈ 10^{28} cm. This corresponds to 10^{61}l_p which is the minimal size of dS hyperboloid, the size of its throat. Here l_p ∼ 10^{−33}cm. The corresponding scale of energies is 10^{−61}M_p ∼ 10^{−33} eV.

Now let us see whether this cosmological picture can be related to supergravity. A generic four-dimensional gauged supergravity which will be used for dark energy hidden sector has part which includes gravity coupled to 2n scalar fields ϕ^i and a potential g^{−1/2}L = − 1 2 R + 1 2 G_{ij}(ϕ) ∂_μϕ^i∂_νϕ^j g^{μν} − V (ϕ) . Here G_{ij}(ϕ) is the metric in the moduli space and we have not included vector fields and fermions.

As explained in [18], in all known gauged extended supergravities possessing dS solutions, the eigenvalues V^{′′} of the mass matrix (m^2)^i_j in dS extremum are proportional to the value of the potential V in the extremum. This corresponds to integer values of the ratio of eigenvalues of the mass matrix to H^2_0 in the range between 12 and −6. The mass matrix at the dS critical point is defined as follows:

(m^2)^i_j = G^{ik}(ϕ)∂_k∂_j V |_{ϕcr} . (5)

Here ϕ^i_{cr} are the critical values of the scalar fields corresponding to the extrema of V .

We assume that there is a dark energy Lagrangian given by extended supergravity with dS solution and that in addition to the scalars ϕ^i representing the dark energy of the universe there is also the usual cold dark matter energy density ρ_M contribution on the right hand side of the Friedmann equations:

ϕ̈^i + 3 ȧ a ϕ̇^i + Γ^i_{jk}ϕ̇^jϕ̇^k + G^{ij} ∂V ∂ϕ^j = 0 , (6)

H(t) ≡ ȧ a = √ ρ_M + V + E_{kin} 3 . (7)

Here a(t) is the scale factor of the flat FRW metric, ρ_M =^C_{a3} . The kinetic part of the dark energy, E_{kin}(ϕ), is given by E_{kin} =^1_2 G_{ij}(ϕ)ϕ̇^iϕ̇^j and Γ^i_{jk}(ϕ) is the Christoffel symbol in the moduli space defined by the metric G_{ij}(ϕ).

In the linear approximation for the fields ϕ which are close to their critical values ϕ_{cr} (i.e. to the extrema of V (ϕ)) the scalar field equations are reduced to δ̈ϕ^i + 3Hδ̇ϕ^i + (m^2)^i_j δϕ^j = 0 where δϕ^i = ϕ^i − ϕ^i_{cr}. This shows the universal character of dS critical points in all known gauged supergravity models: all scalar equations near dS critical point take the form

δ̈ϕi + 3H_0δ̇ϕi + nH2_0 δϕi = 0 , (8)

where n =^{m2}_{H20} , the Casimir operator of dS group, takes values from −6 up to +12.

The energy density ρ_D and the pressure P_D for the supergravity dark energy are given by ρ_D = E_{kin} + V = 1 2 G_{ij}(ϕ)ϕ̇^iϕ̇^j + V (ϕ) , (9) P_D = E_{kin} − V = 1 2 G_{ij}(ϕ)ϕ̇^iϕ̇^j − V (ϕ) . (10)

The total energy includes also the energy of matter

ρ_T = ρ_M + E_{kin} + V . (11)

A dark energy (matter) density is given by a ratio of the dark energy (matter) to the total energy.

Ω_D = ρ_D ρ_T , Ω_M = ρ_M ρ_T . (12)

Experimentally now Ω_M ∼ 0.3 and Ω_D ∼ 0.7 and Ω_T = Ω_M + Ω_D ∼ 1. Thus when we plot the time dependence of Ω_D the present time will be specified by Ω_D = 0.7. Another important characteristics of the dark energy is its pressure-to-energy ratio defining dark energy equation of state P_D = w_Dρ_D :

w_D = P_D ρ_D = E_{kin} − V E_{kin} + V . (13)

In what follows we will skip the index D in w_D and use w for dark energy w_D, since we consider only recent period when radiation is irrelevant and p_M = w_M = 0.

The parameter w in general strongly depends on time t. It is convenient to introduce an average value of w which is useful for understanding an integrated influence of w on observations:

w̄ = ∫ da Ω_D(a) w(a) ∫ da Ω_D(a) . (14)

Note that the deceleration parameter (by the time when radiation is negligible) is given by q(t) ≡ − ä aH^2 = 1 2 [Ω_M + Ω_D(1 + 3w)] ∼ 1 2 + 3 2 Ω_Dw . (15)

Here we used the fact that w_M = 0. At present q_0 ∼ 1 2 + w is close to −0.5 and therefore w is close to −1.

A. Collapsing universe

In all models with dS maximum or saddle point the universe will eventually collapse, i.e. the scale factor will shrink to zero. At some point in time t̃ the potential becomes negative and cancels the positive contribution of ρ_M and E_{kin} in the expression for the Hubble parameter:

H^2(t̃) = ρ_M + V + E_{kin} 3 = 0 . (16)

At this moment the universe stops expanding; the Hubble parameter becomes negative for t > t̃, which inevitably leads to a collapse [8–17]. In case of collapsing universe, we have to use an alternative form of one of the Friedmann equations. Instead of Eq. (7) we will use ä a = −ρ_M + V − 2E_{kin} 3 (17)

since Eq. (7) is not well defined in the case where H vanishes and becomes negative. The equation of state function w(t) will grow from the initial value −1 to infinity somewhere in the future, well before the collapse, and then, near the singularity, it usually approaches the value +1 corresponding to the stiff equation of state p = ρ [16,17]. w^{initial} = −1, w^{today} = −1 + δ_{col}, w^{future} → +1.

B. Future dS universe

In all models based on extended supergravities with dS minimum of the potential, w will start at −1 at the time when all ultra light fields are frozen somewhere at the slope of the potential, so that E^{initial}_{kin} = 0. By the time when the Hubble parameter decreases to the value comparable with the mass of these fields, they will start moving towards the minimum of the potential with some velocity. This will raise the value of w above −1. However, eventually all fields will approach the minimum and stabilize at E^{attractor}_{kin} = 0, perhaps after some oscillations. Again, the attractor value w = −1 will be reached in the long term future. Depending on initial conditions of the fields, at present ẇ may be positive, or negative or vanishing and w takes any value above −1. This would mean that during the last Hubble time it could be increasing monotonically or first increasing and later decreasing. w^{initial} = −1, w^{today} = −1 + δ_{attr}, w^{future} = −1.

For general supergravity models, we find numerical solutions of the Friedmann equations for the universe evolution during the last Hubble time. We pay particular attention to time dependence of Ω_D(t) and w(t) since they can help to confirm or rule out the class of dark energy models with future dS space or collapse. All models are adjusted so that today corresponds to t_0 = 0, t is negative in the past and positive in the future. We use units in which H^2 = 1 at present and assume that Ω_D = 0.7, Ω_M = 0.3 today.

For each model we also present the evolution as a function of the redshift z where^{a(t0)}_{a(t)} = 1 + z and z_{today} = 0. We only consider non-negative z ≥ 0, which correspond to the past and present since only such z are subject to cosmological observation.

III. GAUGED SUPERGRAVITIES AND COLLAPSING UNIVERSE

A. N = 8 supergravity and M-theory

Our particular interest in the cosmological aspects of the theory with maximal supersymmetry is due to the common trend to have maximal amount of supersymmetry allowed by experimental and theoretical considerations.

M-theory supergravity or supergravities related to low energy string theory, compactified on spaces other than torus, may lead to non-trivial potentials. However, if the compactification volume is finite the relevant four dimensional supergravities do not have dS solutions [31].

Still some four-dimensional gauged N = 8 supergravities with 32 supersymmetries have dS solutions, and some of them are directly related to M/string theory [19]. In agreement with the no-go theorems of [31] they correspond to solutions of M/string-theory with non-compact internal seven (six) dimensional space.^† Recently the meaning of such M/string theories with non-compact internal space was reconsidered [34]. The relation between states of the higher dimensional and the four dimensional theory in such backgrounds is complicated since the standard Kaluza- Klein procedure is no longer valid. It is nevertheless true that the class of four-dimensional dS supergravities which we will consider below as dark energy candidates has a direct link to M/string theory. They solve equations of motion of the eleven-dimensional supergravity with 32 supersymmetries. Moreover, these theories are perfectly consistent from the point of view of the four-dimensional theory: all kinetic terms for scalars and vectors are positive definite.

One of the simplest solutions of 11d supergravity is given by a warped product space of the fourdimensional dS space and the seven-dimensional hyperboloid H^{p,q}. Our fiducial model with all scalars constant is defined by the dS surface (4), and by the internal space H^{p,q} given by the equation η_{AB}z^Az^B = α R^2_0 in an eight-dimensional space. Here the constant α depends on p, q. The metric η_{AB} is constant and has p positive eigenvalues and q negative eigenvalues, p + q = 8.

† There exists only one known version of quintessence derived from M-theory [32]. It starts with SO(3, 3) gauged supergravity in five dimensions which has dS solution, related to eleven-dimensional supergravity with noncompact six-dimensional space. The five-dimensional dS solution in this model is unstable [32,33], so it is likely to lead to a universe collapsing in the future, just as all N = 8 models considered in this section.

The simplest (and typical) representative of dS supergravities originated in M-theory, has the potential [35] with dS maximum:

V = Λ(2 − cosh √ 2ϕ) (18)

(for canonically normalized fields ϕ).

In this model the extremum of the potential is at ϕ = 0. V (0) = Λ, V^{′′}(0) = −2V (0), which corresponds to m^2 = −6H^2_0 . This is the four-dimensional N = 8 supergravity with p = q = 4, which has gauged SO(4, 4) non-compact group. At the dS vacuum it is broken down to its compact subgroup, SO(4)×SO(4). The value of the cosmological constant Λ here is related to the value of the gauge coupling g as follows:

Λ = 2g^2 .

Near the extremum the potential can be represented by the simple quadratic expression V (ϕ) = Λ(1 − ϕ^2), see Eq. (1). It is unbounded from below, so the theory is unstable, and the first idea would be to discard such models altogether. However, the potential remains positive for |ϕ| <∼ 1, and for small Λ the time for the instability to develop can be much greater than the present age of the universe, which is quite sufficient for our purposes [13]. In fact, we will see that this instability allows us to avoid the standard fine-tuning problem plaguing most of the versions of the theory of quintessence [36].

The gauge coupling as well as the cosmological constant in four-dimensional supergravity have the same origin in M-theory: they come from the flux of an antisymmetric tensor gauge field strength [19]. The corresponding 4-form F_{0123} in eleven-dimensional supergravity is proportional to the volume form of the dS_4 space:

F_{0123} ∼ √ Λ V_{0123} . (19)

According to this model, the small value of the cosmological constant is due to the 4-form flux which has the inverse time-scale of the order of the age of the universe, H^{−1}_0 ∼ t_0 ∼ 10^{10} years.

Somewhat more complicated potentials are found in the case with p = 5, q = 3 with SO(5, 3) gauging broken down to SO(5) × SO(3) at dS vacuum, and in the case with p = 3, q = 5 with SO(3, 5) gauging broken down to SO(3) × SO(5).

Near dS point all known potentials of the gauged N = 8 supergravity have the following universal features [13]: the ratio^{V ′′}_V of the eigenvalues of the mass matrix to the potential at the extremum takes values −2, 4/3, 4. This implies that^{m2}_{H20} = {−6 , 4 , 12} . In all models there is a tachyon direction with m^2 = −6H^2_0 , and for the second scalar one finds either m^2 = 4H^2_0 or m^2 = 12H^2_0 , i.e. the potential has a saddle point.

So far no gauged N = 8 supergravities with 32 supersymmetries were found with dS minimum. Therefore the model with the potential (18) represents also all other models, since near the critical point the tachyon has the same mass.

B. Cosmology in N = 8 models

Since all dS critical points linked to M-theory are unstable and the potentials are unbounded from below, one could expect that these models cannot describe the past and current evolution of the universe and play the role of the dark energy hidden sector. However, in [13], [14] it was found that if Λ ∼ ρ_0 ∼ 10^{−120}, the universe may stay now and during the last few billions of years near the top of the scalar potential while the scalar field was slowly drifting away from the critical point. Here we will study this model in detail and solve the Friedmann equations numerically.

To avoid misunderstandings, we should emphasize that the relations m^2 = n H^2_0 have been derived for dS extrema with the energy density fully supported by the scalar field potential V (ϕ): m^2 = n Λ/3. In our calculations we will assume for simplicity that this relation remains preserved in the presence of matter fields with the energy density ρ_M .

In our calculations we will also assume that initially the cold dark matter energy density was many orders of magnitude greater than the energy density of the scalar field ϕ, ρ_M (t_0) ≫ ρ_D . In such cases the field ϕ freezes very rapidly, so we can simply start our calculations assuming that its initial velocity vanished. We considered 4 different initial values of the field ϕ: ϕ_0 = 0, 0.2, 0.3, 0.35 in the units M_{P l} = 1. The case with ϕ_0 = 0, where the field starts and remains at the top, corresponds to our fiducial model. The corresponding curves are shown as thick red. The blue dashed curves correspond to ϕ_0 = 0.35.

For each of the values ϕ_0 = 0, 0.2, 0.3 we numerically found different values of Λ such that for each of these three cases one has Ω_D = 0.7 and H = 1 today. Here H is normalized in units of the presently observed Hubble constant. However, we could not do it for ϕ_0 = 0.35 because the largest value of Ω_D in this case is about 0.65; we presented this case for H = 1 and Ω_D = 0.65 for comparison. We plot in Figure 1 the evolution of the scale factor a(t), in Fig. 2 the evolution of Ω_D(z), and in Fig. 3 the evolution of the equation of state factor w(z). The point t = 0 (z = 0) corresponds to the present. In all cases except ϕ_0 = 0.35 the Big Bang occurred at the moment t_0 ≈ −0.95H^{−1} in terms of the present value of the Hubble constant H = 1. If one assumes, according to [2], that |t_0| ≈ 13.6 billion years, one finds that each interval Δt = 1 in our figures approximately corresponds to 14 billion years.

FIG. 1. Scale factor a(t) in the model based on N = 8 supergravity. The upper (red) curve corresponds to the model with ϕ0 = 0. In this case the universe can stay at the top of the effective potential for an extremely long time, until it becomes destabilized by quantum effects [13]. The curves below it correspond to ϕ0 = 0.2 and ϕ0 = 0.3. The blue dashed curve corresponds to ϕ0 = 0.35. The present moment is t = 0. Time is given in units of H^{−1}(t = 0) ≈ 14 billion years.

As expected, all 3 models with ϕ_0 = 0.2, 0.3, 0.35 lead to a collapse. Still all results for the cases ϕ_0 = 0.2, 0.3 are compatible with observations. The case ϕ_0 = 0.35 is close to be ruled out on the basis of current data with Ω_D = 0.7: in this model it is impossible to reach Ω_D = 0.7, the largest value of Ω_D in this case is about 0.65. Among all of our models, this was the case with nearest collapse in the future (7 billion years from now). We cannot claim that this case is definitely ruled out due to the cosmological observations suggesting that Ω_D = 0.7 today. However, the present value of w for this model is very high, which is an additional evidence suggesting that this regime is disfavored by observations. For greater values of ϕ_0 the maximal value of Ω_D becomes considerably smaller. For example, for ϕ_0 > 0.4 the maximal value of Ω_D is 0.56. This means that the models with ϕ_0 > 0.4, predicting even earlier collapse of the universe, contradict observational data.

On the other hand, the models with ϕ_0 = 0, ϕ_0 = 0.2, and ϕ_0 = 0.3 are consistent with the present observational data. We conclude that the N = 8 models with the potential unbounded from below are viable candidates for the description of the present stage of acceleration of the universe if the scalar field ϕ initially was in the range 0 ≤ ϕ <∼ 0.3 in Planck units.

Other models of N = 8 gauged four-dimensional supergravity linked to M-theory [19] have the same important property that m^2 = −6H^2_0 [13]. Therefore for the initial values of fields not far from the top of the potential, an analogous behavior is expected.

FIG. 2. Dark energy ΩD as a function of redshift z for ϕ0 = 0, 0.2, 0.3, 0.35. The lower (red) curve corresponds to the model with ϕ0 = 0. The present time corresponds to z = 0. Note that for ϕ0 = 0.35 the maximal value of ΩD is about 0.65.

FIG. 3. Equation of state function w as a function of redshift z for ϕ0 = 0, 0.2, 0.3, 0.35. For ϕ0 = 0.35 this function sharply rises near z = 0. For ϕ0 = 0.3 the maximal value of w is about −0.65. This could also seem too high, but the average value of w in the important interval z <∼ 2 is below −0.9. For ϕ0 = 0.2 the maximal value of w is below −0.9. The red line w = −1 corresponds to the model with ϕ0 = 0.

One could argue that fixing Λ ∼ 10^{−120} and ϕ < 0.3 in Planck units represents fine-tuning. Of course, finetuning of such type is present in most of the models of dark energy. But can we do better than that and avoid fine-tuning altogether?

Note that one cannot simply add a nonvanishing cosmological constant to N=8 supergravity keeping the curvature of the effective potential intact. This would violate the structure of the effective potential V = Λ(2 − cosh √ 2ϕ) and the relation m^2 = −2Λ.

Once we increase Λ, the tachyonic mass increases as well, and the total lifetime of the universe becomes unacceptably small. Indeed, as we have found, the total lifetime of the universe in such models typically is O(H^{−1}) ∼ O(Λ^{−1/2}). It can be shown that this lifetime is proportional to log ϕ^{−1}_0 , so it can be made much greater than H^{−1}, but only if the initial value ϕ_0 of the field ϕ was exponentially close to zero [13]. When the field ϕ_0 becomes very close to ϕ_0 = 0, the lifetime of the universe becomes determined by quantum fluctuations. The total lifetime of the universe cannot exceed t ∼ 10^2H^{−1}_0 ∼ 10^3 billion years even for very small ϕ_0 [13].

Let us assume that for the development of life of our type the universe must have lifetime t_{tot} >∼ 14 billion years, which is the present age of the universe. This would imply that we cannot live in a universe with Λ ≫ 10^{−120} since such a universe will be short-living, with the total age much smaller than 14 billion years, unless one assumes that in the very beginning ϕ_0 was exponentially small.

According to Eq. (19), the value of √ Λ is fixed by the 4-form flux, F_{0123} ∼ √ Λ V_{0123}. In general one may imagine that this flux (and, consequently, Λ), as well as the field ϕ_0, may take different values either in different regions of the universe, or in different quantum states of the universe. Consider all combinations of ϕ_0 and Λ compatible with the total lifetime of the universe t_{tot} > 14 billion years. If one makes an assumption that all such combinations are possible and equally probable (or equally natural), then our investigation indicates that the value of Λ should very close to ρ_0 ∼ 10^{−120}, and the most probable time before the future collapse of the universe is O(10) billion years [36]. Depending on various assumptions, one finds also that the probability to have Ω_D in the interval between 0.5 and 0.9 at the time t ∼ 14 billion years after the big bang is about 15% [36]. This number may change if we make different assumptions about the probability measure, but many reasonable assumptions leads to the same conclusion: Finding Ω_D in the interval between 0.5 and 0.9 does not require the fine-tuning that is the usual problem of many models of quintessence. This may provide a solution to the fine-tuning/coincidence problem for Λ and Ω_D and, simultaneously, a prediction for the typical timescale of the global collapse of the universe in the models based on N = 8 supergravity.

C. Collapsing universe in N = 4, N = 2 gauged supergravities

The very first gauged supergravity with dS solutions, breaking supersymmetry spontaneously, was found in [37]. The relevant part of the action of SU (2) × SU (2) gauged supergravity is

g^{−1/2}L = 1 2 R − 1 1 − |W |^2 ∂_μW ∂^μW̄ − g^2 1 − 3|W |^2 1 − |W |^2 . Here the potential depends only on |W | and again

V^{′′}/V = −2 ,^{m2}_{H20} = −6. This means that the cosmological evolution in this model for initial values of the fields not far from the dS critical point at |W | = 0 will be the same as in the previous case, explained above for N = 8 theory.

As an example of unstable dS solutions consider here N = 2 SU (2) gauged supergravity [38]. The relevant part of the action depends on the scalar fields R^A and R̄^A, A = 1, 2, 3: g^{−1/2}L = 1 2 R − δ_{AB} ∂_μR^A∂^μR̄^B + 2g^2[3 − 2R̄^AR^Bδ_{AB} − δ_{AB} (ϵ_{ACD}R̄^C R^D)(ϵ_{BEF} R̄^E R^F )] . This action has two dS critical points. One is SU (2) symmetric and R^A_{cr} = 0, V_{cr} = 3H^2_0 = 6g^2. The tachyonic mass is equal to −4g^2 and^{V ′′}_{Vcr} = −^4_3 ,^{m2}_{H20} =

−3. At the second critical point (R̄^AR^B δ_{AB} )_{cr} = 1, (R^AR^Bδ_{AB} )_{cr} = 0, V_{cr} = 3H^2_0 = 4g^2. There is a tachyonic mass squared equal to −8g^2 and a positive mass squared 16g^2 and some Goldstone modes. Thus we find in the second minimum that^{m2}_{H20} = −6, 12.

Thus we have shown in examples above that despite a large variety of potentials in extended gauged supergravity, we always confirm the pattern that^{m2}_{H20} is of the order one and there are tachyons. The development of instability and all basic features which were found by numerical solutions of the Friedmann equations in N = 8 case will take place in other models with unstable dS solution.

IV. GAUGED SUPERGRAVITIES WITH DE SITTER ATTRACTOR

The models with dS minimum always define ultimate future dS universe since scalar fields eventually reach their constant fixed points at which the potential has a minimum, and space-time is a dS-type. The simplest (and typical) representative of a potential in such theories (for canonically normalized fields ϕ) is

V = Λ cosh √ 2ϕ . (20)

Here Λ is the cosmological constant, the value of the potential at the minimum. It is related to the attractor value of the Hubble constant, Λ = 3H^2_0 . At the minimum where V^′ = 0, ϕ = 0 and V (0) = Λ > 0.

A. Axion-dilaton dark energy

N = 2 supergravities with stable dS vacua constructed in [20] have special features: all moduli are coordinates of the special Kähler and quaternionic manifold ST [2, n] ⨂ HQ[m]. The ungauged supergravity of this type appear, e. g. in the large radius limit of superstring compactifications [39]. Upon consistent gauging of the non-compact groups directly in d = 4, these theories acquire a potential and become rather complicated, in general. The simplest version with 3 vector multiplets has the axion-dilaton S-moduli which parametrize an^{SU(1,1)}_{U(1)} part of the manifold and the so-called T and U moduli (Calabi- Visentini coordinates, y_0, y_1 ), which parametrize the SO(2,2) SO(2)×SO(2) part of the special Kähler manifold.

It was suggested in [18] to focus on the simplest part of all these models which consists of axion-dilaton only. One reason for that is the simplicity, the other reason is that axion-dilaton pair in 4d theory, coming from M/string theory, have well known global SL(2, Z)-symmetry. It includes the Peccei-Quinn shift of the axion. The scale of violation of this symmetry is related to the scale of the cosmological constant and mass of these fields. It is therefore interesting to study the evolution of the universe during the last Hubble time and the future evolution towards dS attractor and see what kind of features of dark energy and accelerated universe may be described by this model. We will also study a more general model with dS future universe which include Calabi-Visentini scalars in addition to axion-dilaton fields.

Axion-dilaton action (without a potential, before gauging) in four dimension obtained by dimensional reduction from d = 10 is given by g^{−1/2}L = g^{μν} ∂_μS∂_ν S̄ (2Im S)^2

. (21)

Here the real part of the complex modular parameter S = √ 2A − ie^{−√2ϕ} is the axion field A and the imaginary part has the dilaton ϕ.

The action for canonically normalized kinetic terms g^{−1/2}L = − 1 2 R + 1 2 [(∂ϕ)^2 + e^{2√2ϕ}(∂A)^2] , (22)

is easily obtained either by compactification on a sixtorus of the heterotic string theory in ten dimensions or by a compactification on a seven-torus from eleven dimensional M-theory supergravity action. For example, in string theory ϕ is related to the dilaton of the string theory and A is related to the second rank antisymmetric tensor B-field of string theory, after a duality transformation. These are so-called fundamental dilaton and axion. In M-theory ϕ is related to g_{11,11} component of the metric and A is related to the third rank antisymmetric tensor field C. The details of d = 10, d = 4 connection are described in [40]. The axion-dilaton system in string theory and ungauged supergravity has a non-compact SL(2, R) or SL(2, Z) symmetry: the actions (21), (22) are invariant under linear fractional transformations of the modular parameter S →^{aS+b}_{cS+d} . This includes the shift of the axion field by a constant, A → A + const.

In case of interest a consistent gauging directly in d = 4 produces a following potential of the axiondilaton action [20], [18]:

V = Λ [cosh √ 2(ϕ − ϕ_{cr}) + e^{√2(ϕ+ϕcr )}(A − A_{cr})^2] .

(23)

Here Λ is the cosmological constant, the value of the potential at the minimum. It is related to the attractor value of the Hubble constant, Λ = 3H^2_0 . The attractor values of the axion-dilaton field S_{cr} = √ 2A_{cr} − ie^{−√2ϕcr} . At the minimum where V^′ = 0,

ϕ = ϕ_{cr} , A = A_{cr} , V (A_{cr}, ϕ_{cr}) = Λ > 0 . (24)

Near the dS vacuum solution with the axion-dilaton field fixed at the attractor values S = S_{cr} , the masses of the dilaton and axion fields are both equal to m^2_ϕ = m^2_A = 6^Λ_3 = 2Λ.

Note that the global axion shift symmetry A → A + const is broken by the potential with the fixed value of A_{cr}.

The original parameters used in [20] are some particular combinations of gauge coupling e_0, Fayet- Iliopoulos term e_1 and magnetic rotation angles θ, such that

Λ = e_0e_1 sin θ , A_{cr} = cot θ/ √ 2 e^− √ 2ϕ_{cr} = e0

e_1 sin θ . (25)

Here the non-compact SO(2, 1) × U (1) group is gauged: e_0 is a gauge coupling for SO(2, 1) and e_1 is a FI term for U (1). The theory has 4 vector fields: a graviphoton and 3 vector fields for each of the ST U moduli. At the dS minimum the non-compact SO(2, 1) gauge group is broken spontaneously down to SO(2): the gauge vectors associated with the noncompact generators of the SO(2, 1) become massive by eating one of the complex moduli.

B. S, T, U moduli dark energy

An un-truncated version of the first model in [20] has S, y_0, y_1 fields or, equivalently S, T, U fields. We will choose a gauge where the Goldstone scalar field y_0 is vanishing. This will give us additional kinetic terms in the action when y_1 = σe^{iδ} are present: 2 (1 − σ^2)^2

[(∂σ)^2 + σ^2(∂δ)^2] . (26)

The total potential is

V = Λ

[ 1 + σ4

[1 − σ^2]^2 cosh √ 2(ϕ − ϕ_{cr}) + 2σ^2 [1 − σ^2]^2 sinh √ 2(ϕ − ϕ_{cr}) (27) + e^{√2(ϕ+ϕcr )}(A − A_{cr})^2 ] . If we put the axion-dilaton fields in the minimum of the potential, i.e. at ϕ = ϕ_{cr} and A = A_{cr}, the remaining action for the σ field is 2 (1 − σ^2)^2

(∂σ)^2 − Λ

1 + σ^4 [1 − σ^2]^2

. (28)

This can be rewritten as 1 2 (∂σ)^2 − Λ [1 + 1 2 sinh^2 σ] , (29)

which gives a very simple gauged supergravity motivated model of the field with the mass-Hubble ratio m^2 = Λ = 3H^2_0 .

The model with 3 scalars, ϕ, A, σ is g^{−1/2}L = − 1 2 R + 1 2 [(∂ϕ)^2 + e^2 √ 2ϕ(∂A)^2] + 2 (1 − σ^2)^2

(∂σ)^2 − Λ

[ 1 + σ4

[1 − σ^2]^2 cosh √ 2(ϕ − ϕ_{cr}) (30) + 2σ^2 [1 − σ^2]^2 sinh √ 2(ϕ − ϕ_{cr}) + e √ 2(ϕ+ϕ_{cr} )(A − A cr)^2 ] . We solved the Friedmann equations numerically for the general model with all 3 moduli fields, corresponding to the action given in eq. (30). The solutions of these equations for various initial conditions for the scalar fields show the attractor behavior of the total solution: the scalars eventually reach their attractor values, defined by the minimum of the potential, and the universe asymptotically becomes dS space. Relative importance of various fields during this process depends on their initial values. However, we have found that if we begin with the values of the fields far from the minimum of the effective potential, then for a rather broad range of initial conditions the dilaton contribution becomes dominant at the late stages of the process. Therefore we will concentrate now on the simplest case of the dilaton-dominated universe.

C. Generic future de Sitter universe

Let us assume that the σ-field and the axion have already reached their fixed points, σ = 0 and A = A_{cr} and only the dilaton is not yet there. We also choose the vanishing value of ϕ_{cr} = 0 for simplicity: g^{−1/2}L = − 1 2 R + 1 2 (∂ϕ)^2 − Λ [cosh √ 2ϕ] . (31)

This model is a typical representative of N = 2 supergravity with future dS space.

We study numerical solutions of the Friedmann equations with the action given in (31). Our choice of initial conditions is ϕ_0 = 0, 0.6, 1.0, 10 and in all cases ϕ̇_0 = 0. As in previous models of collapsing universe, we choose for ‘today’ H^2 = 1 and Ω_D = 0.7. We plot in Figure 4 the evolution of the scale factor a(t), in Fig. 5 the evolution of Ω_D(z) and in Fig. 6 the evolution of the equation of state factor w(z). The point z = 0 as in collapsing models corresponds to ‘today’. The red curves (the upper curve in Fig. 4 and the lower lines in Figs. 5 and 6) correspond to a fiducial model where the scalar field is already at the minimum of the potential.

FIG. 4. Scale factor a(t) in the model based on N = 2 supergravity with a stable dS minimum for ϕ0 = 0, 0.6, 1.0, 10. The upper (red) line corresponds to ϕ0 = 0, the lower (blue) line corresponds to ϕ0 = 10. Blue lines in this figure and in the next two figures practically coincide with the corresponding lines for the purely exponential potential V ∼ e^{√2ϕ}.

In each case we find the universe that ultimately becomes dS space, forever expanding, never collapsing. In the past for t ≤ 0 as well as in the future for t > 0 for all cases we find almost the same curves for a(t) and Ω_D(t). All models are very close to the fiducial model with regard to a(t) and Ω_D(t). Only the evolution of the equation of state factor w(t) varies from case to case. The importance of this fact is that it may at least in principle become observable. For all models with ϕ_0 > 0.6 we find ẇ > 0 at t = 0, for ϕ_0 = 0.6 ẇ = 0 at t = 0 and for ϕ_0 < 0.6 ẇ < 0 at t = 0.

We should note that this model requires fine tuning of initial conditions. We began the calculations at some ϕ = ϕ_0, and adjusted the value of the effective potential in its minimum in order to obtain Ω_D = 0.7 at the time t_0 ≈ 14 billion years. However, this is the standard fine-tuning that is present in most of the models of quintessence; see a discussion below. In this respect it is interesting that the models with dS maximum considered in the previous section may not require fine-tuning [36].

FIG. 5. Dark energy ΩD(z) for ϕ0 = 0, 0.6, 1.0, 10. The lower (red) line corresponds to ϕ0 = 0, the upper (blue) line corresponds to ϕ0 = 10.

FIG. 6. Equation of state w(z) for ϕ0 = 0, 0.6, 1.0, 10. The lower (red) line corresponds to ϕ0 = 0, the upper (blue) line corresponds to ϕ0 = 10.

V. M-THEORY AND DARK ENERGY WITH EXPONENTIAL POTENTIALS

The results obtained above are closely related to investigation of dark energy in the theories with purely exponential potentials. Indeed, the blue line corresponding to the initial condition ϕ_0 = 10 (the lower line in Fig. 4 and the upper line in Figs. 5 and 6) practically does not change when ϕ_0 increases even further. This result has an interesting interpretation. In the limit ϕ_0 ≫ 1 (for σ = 0 and A = A_{cr}) the dilaton potential (23) can be represented as a simple exponent:

V = Λe^{√2ϕ} . (32)

In this case increase of ϕ_0 to ϕ^′_0 can be absorbed by rescaling Λ → Λ exp √ 2(ϕ_0 − ϕ^′_0). This is what we are doing in our calculations when we are normalizing the present Hubble constant H to H = 1. As a result, for all ϕ_0 in the exponential potential one has the same curves Ω(z) and w(z). These curves practically coincide with the blue lines in Figs. 5 and 6.

This conclusion has important implications. The first models of dark energy were based on investigation of the theories with exponential potentials [4]. For V = Λe^{λϕ} different possibilities were studied, depending on the value of λ. In the presence of cold dark matter with equation of state p = 0, the interesting regions are:

• For λ^2 < 3 the system has a late-time attractor with fixed point values Ω^{attr}_D = 1 and w^{attr} = λ^2/3 − 1.

• For λ^2 > 3 there is a stable solution of a scaling type, a global attractor with fixed values Ω^{attr}_D = 3/λ^2 and w^{attr} = 0.

In the first case one does not have Ω_D = 0.7 in the attractor regime. In the second case the power-low regime with Ω_D ≈ 0.7 is possible. However, since Ω_D is approximately constant, it is difficult to reconcile this regime with the big bang nucleosynthesis which requires that at the stage of the nucleosynthesis Ω_D must be very small [4]. Moreover, the limit w → 0 is not good for quintessence. Therefore the general lore is that the theories with exponential potentials cannot describe dark energy.

In our paper (see also [41,42]) we study a regime that occurs before the late time attractor is reached, for λ^2 < 3. We simply check whether we can find such parameters of the theory that would allow us to consistently describe the observational data. And the answer to this question is positive. If one chooses proper initial conditions (the universe dominated by CMB), initial values of Ω_D become negligible, so one has no problems with the big bang nucleosynthesis. Meanwhile at some later stage Ω_D can grow and reach the desirable value 0.7. Therefore exponential potentials can describe the present stage of acceleration of the universe. This description requires some fine-tuning, but it is not worse than it is in many other models of dark energy. Our conclusion agrees with the one obtained in [42].

Another problem associated with exponential potentials is that they must be sufficiently flat. It is well known that the universe, in the absence of ordinary matter, will accelerate only for λ^2 < 2; for λ^2 = 2 one would have a linear regime a ∼ t with ä = 0. However, in order to explain observational data we do not have to assume that the universe will keep accelerating in the distant future, so the requirement λ < √ 2 is not necessary. On the other hand, our numerical studies show that for λ > 2.2 the value of Ω_D never reaches 0.7. For λ > 1.7 one can have Ω_D = 0.7, but one has w > −0.6 at present, which is perhaps too high [42].

We may conclude therefore that for λ^2 < 3, when the system has a late-time attractor, the reasonable description of the present and past can be easily achieved at the stage before the late attractor is reached. Eventually, in the long term future the fixed point values will be reached, Ω_D → 1 and w → λ^2/3 − 1.

Recently it was pointed out that it might be difficult to describe eternally accelerating universe with λ^2 < 2 in terms of M/string theory because it has event horizon [21]. In case λ^2 = 2 the universe does not accelerate in long term future and has no event horizon, so this problem does not appear. Moreover, if one takes into account ordinary matter, then the universe at the asymptotically large time slowly decelerates. But one can easily describe by this model a universe that presently accelerates and has Ω_D = 0.7. The present value of w in this case is about −0.7, but the average value w̄ (14) in this case is −0.79, which looks pretty safe from the point of view of the present observational data.

It has been observed in [21] that for the positive exponential potentials related to higher dimensional supergravities the typical value is λ^2 ≥ 6. However this constraint may be decreased due to the presence of the FI terms, as shown in [32]. An interesting question to be explored is the M/string theory origin of potentials with λ^2 ≤ 2 which could provide us with cosmological models of the presently accelerating universe.

In our case the model with V = Λe^{√2ϕ} appears as a special limiting case of the N = 2 model considered in the previous section. But a purely exponential V = Λe^{√2ϕ} appears in some other theories as well.

Indeed, a model of N = 2, d = 4 gauged supergravity with 3 vector multiplets, without hypermultiplets, described in [39], has exactly such a potential: g^{−1/2}L = − 1 2 R + 1 2 ∂_μϕ∂_ν ϕ g^{μν} − ξ^2 2 e^{√2ϕ} , (33)

where the other few scalar fields, which are coordinates of^{SU(1,1)}_{U(1)} ×^{SO(2,2)}

SO(2)×SO(2) coset space are con-

stant. This Lagrangian can be deduced from the complete action given in [39]. The relevant symplectic sections are X^Λ, F_Λ = η_{ΛΣ}SX^Λ ; X^ΛX^Ση_{ΛΣ} = 0, η_{ΛΣ} = (1, 1, −1, −1). The gravity-dilaton part of the action is − 1 2 R + ∂_μS∂^μS̄ (2Im S)^2 + ξ^2 2 Im S

. (34)

The complete gauged supergravity action is consistent under condition that Im S < 0 which provides a positivity condition for the kinetic terms of scalars and vectors. For Im S = −e^{−√2ϕ} the action (34) is reduced to (33) with a positive definite potential.

The potential is defined in eqs. (9.54) and (9.58) of [39]. The source of such positive potential is due to Fayet-Iliopoulos term P^x_Λ with (P^x_4 )^2 = ξ^2. This is possible for an Abelian gauge group. For the positive sign the Abelian gauge group with FI terms must be neither the graviphoton, nor the gravidilaton, but one of the remaining vectors in the direction where η_{44} = −1. The action (33) can be also identified with the model of Ref. [20] under condition that there is no gauging of the SO(2, 1) group, e_0 = 0, the rotation angle is vanishing, θ = 0, and only FI terms with e_1 are present. In such case this model is reduced to the model proposed in [39] and described by Eqs. (23), (25). The contribution to the potential surviving the limit e_0 → 0 and θ → 0 is coming from the term e^{√2ϕ}(Λe^{√2ϕcr} A^2_{cr}) →^{e21}_2 e^{√2ϕ}. Since e_1 is a FI term ξ this clarifies the origin of the positive exponential potential in N = 2 supergravities.

VI. N = 1 SUPERGRAVITY

A. Supergravity quintessence model

Now we take lessons learned in extended N ≥ 2 supergravities and use them as a guide for N = 1 models which may give us a successful description of the recent past of our universe, including the acceleration period, and lead to particular prediction about the future.

The first example is the one already known as a ‘supergravity quintessence’ model [24] with the potential:

V = e^{ϕ22}

M^{4+α} ϕ^α . (35)

This model has a dS minimum at ϕ_{cr} = √ α. Interestingly, the mass of the scalar field near dS minimum is exactly the same as in the N = 2 model discussed above:

m^2 = 6H^2_0 . (36)

We solved the Friedmann equations for the cases with α = 4, 6, 11. In case of initial values of the fields not far from the dS attractor value, all features of the solution (a(t), Ω_D(t), w(t)) are practically the same as in our N = 2 future dS model. However, if one considers the model with α = 11 [24] and take the initial value of the field far away from the minimum of the effective potential at ϕ = √ 11, which is necessary to approach the tracker solution, then w(t) rapidly increases from −0.8 and for a long time stays above −0.2. The average value w̄ (14) in this case is about −0.65. This makes this scenario rather vulnerable [43].

FIG. 7. The values of w for ϕ0 = 1 in the supergravity quintessence model of Ref. [24] as a function of redshift z. The value of w at present is about −0.8, in agreement with [24]. But at z > 1 the value of w is very high.

A complete supergravity model, underlying the potential (35) is rather complicated and fine-tuned. In addition to the quintessence field, it involves several different fields charged under an abelian group, Xfields of charge 1, Y fields of charge -2. Various additional assumptions about the non-minimal Kähler potential and superpotential are necessary to finally come up with the everywhere positive supergravity quintessence potential (35).

One could argue that this fine-tuning of a supergravity model is a reasonable price for the tracker nature of the solution. However, when one modifies the inverse power law potential^{M 4+α}_{ϕα} by multiplying it

by an e^{ϕ22} as in Eq. (35), the potential acquires a minimum. All of the solutions at the time when Ω_D becomes equal to 0.7 enter the immediate vicinity of this minimum. The value of the potential in this minimum needs to be fine-tuned if we want this moment to coincide with the present time.

Thus, this model requires one fine tuning, exactly as all other models with de Sitter minimum or with the exponential potential considered in our paper. In this sense, tracking in the model of [24] does not seem to provide additional benefits because it does not resolve the fine-tuning problem. That is why we would like to look for simpler models based on N = 1 supergravity that may also describe dark energy.

B. Generic N = 1 supergravity and Polónyi model

The general potential of N = 1 supergravity consists of an F -term and a D-term. Here for simplicity we will restrict ourselves to the study of the simplest models without a D-term. In this case V (z) = e^K [ −3W W^∗ + (D^iW )g^{−1}_i^j (D_jW^∗) ] . (37)

Here K is the Kähler potential and W (z_i) is a superpotential of a chiral superfield z_i. The covariant derivative on W is D^iW = ∂^iW + ( ∂^iK ) W . As a simplest example, consider the model with the minimal Kähler potential K = zz^∗ and the linear superpotential W (z) = μ^2(z + β). This is the famous Polónyi model, which serves as a standard part of models with gravity mediated SUSY breaking, see e.g. [25]. It is convenient to represent the complex field z as a sum of two canonically normalized fields, z = (ϕ + iχ)/ √ 2. One can show that the minimum of the effective potential occurs at χ = 0, so we can restrict ourselves to investigation of V (ϕ), where

V (ϕ) = μ^4 e ϕ2 2M2p [( 1 + ϕ √ 2M_p ( ϕ √ 2M_p + β ))_2

− 3 ( ϕ √ 2M_p + β )_2] . (38)

Here we temporarily restore M_p in our equations. Note that in the limit M_p → ∞ corresponding to global SUSY this potential becomes exactly flat, i.e. the effective mass of the moduli field ϕ vanishes. For β = O(1) this potential has a minimum at ϕ = O(M_p), and the mass m of the field ϕ in the minimum is O(μ^2/M_p).

Usually it is assumed that the Polónyi field leads to supersymmetry breaking in the observable sector. It is supposed to have mass m ∼ 10^3 GeV. Since this mass appears only due to SUSY breaking because of the gravitational effects, it is protected with respect to radiative corrections. As one can easily see from Eq. (38), the value of H^2 ∼ V (ϕ)/M^2_p for |β| ≪ 1 and |ϕ| ≪ √ 2M_p) is of the same order of magnitude as m^2(ϕ) = V^{′′}. This is a rather general (though not unavoidable) property of moduli fields in N = 1 supergravity: Typically one has H^2 ∼ V (ϕ)/M^2_p ∼ |m^2(ϕ)|, see [22] and references therein. This is very similar to the situation in extended supergravity described above. However, in N = 1 supergravity this relation is not rigidly fixed. In particular, one can fine-tune the parameter β to be equal to 2 − √ 3. In this case the effective potential vanishes in its minimum, which is necessary to avoid having an enormously large cosmological constant Λ ∼ μ^4 and still have supersymmetry breaking with m_{3/2} ∼ m ∼ 10^3 GeV.

However, if one can achieve supersymmetry breaking with vanishing cosmological constant by a different method, then instead of the field with mass m ∼ 10^3 GeV (or in addition to it) one can consider an ultralight Polónyi field ϕ with m ∼ 10^{−33} eV as a part of the dark energy hidden sector. Then the absolute value of the effective potential in its minimum for β = O(1) is O(10^{−120}) ∼ ρ_0, so there is no reason to fine-tune β to be 2 − √ 3 ≈ 0.268, see Fig. 8. It is important, that for V (ϕ) > 0 and β = O(1) one has a generic relation H^2 ∼ m^2(ϕ), just like in extended supergravity. As a result, many of our results obtained in application to the N = 8 and N = 2 models can be easily extended to a large class of N = 1 supergravity models.

FIG. 8. Polónyi field potential for β = 0 (symmetric potential with a minimum at V > 0), β = 0.2 (minimum at V > 0), β = 2 − √ 3 (minimum at V = 0), and β = 0.4 (minimum at V < 0). In all of these cases |V^{′′}| = O(|V |) for |ϕ| <∼ 1. The potential is shown in units of m^2 ; the field is shown in units of Mp. Potentials with β < 0 can be obtained by the change ϕ → −ϕ.

In particular, Polónyi model with |β| < 2 − √ 3 ≈ 0.268 leads to asymptotically de Sitter universe, just like in N = 2 model of Ref. [20]. The fine-tuned model with |β| = 2 − √ 3 asymptotically leads to Minkowski space. Meanwhile all models with 2 − √ 3 < |β| lead to a collapsing universe. However, just like the N = 8 model, the N = 1 models with 2 − √ 3 < |β| <∼ 0.5 can describe dark energy in an accelerating universe, see Figs. 9 - 12. These figures show the results of calculations where we for definiteness took the initial value of the field ϕ equal to ϕ_0 = −1.

FIG. 9. The scale factor a(t) for the Polónyi field potential. At large t the upper curve corresponds to β = 0, the next one - to β = 0.2, then β = 2 − √ 3, and β = 0.4.

FIG. 10. The future of the universe in the Polónyi model for β = 0.4 and ϕ0 = −1. The present time corresponds to t = 0. The universe in this regime would accelerate for the next 20 billion years, but then eventually collapse. In the models with β > 0.4 the collapse occurs much earlier.

FIG. 11. The values of ΩD for the Polónyi field potential as a function of redshift z. The lower (horizontal) curve corresponds to β = 0, the next one - to β = 0.2, then β = 2 − √ 3, and β = 0.4.

FIG. 12. The values of w for the Polónyi field potential as a function of redshift z. The lower (horizontal) curve corresponds to β = 0, the next one - to β = 0.2, then β = 2 − √ 3, and β = 0.4.

Thus, even the simplest models based on N = 1 supergravity with m ∼ 10^{−33} eV can provide a natural description of dark energy because of the generic relation |m^2| ∼ H^2 that is satisfied in many of such models.

C. The axion dark energy model

One of the popular models of quintessence based on N=1 supergravity is the axion model. The original axion model of quintessence was proposed in [26]. It has the potential:

V = Λ[cos (ϕ/f) + C] . (39)

In [26] and in most of the consequent studies of the accelerated universe in this model it was assumed that C = 1. This means that the cosmological constant was assumed to vanish in the minimum of the potential, just as in many other quintessence models. The positive definiteness of the potential with C = 1 and the fact that it has a minimum at V = 0 could be motivated, in particular, by global supersymmetry arguments. In supergravity and M/string theory the argument from global supersymmetry requiring C = 1 is not longer valid. The derivation of the value of the constant term C in the axion potential from any fundamental theory is not available.

In [27] the axion model of quintessence was studied using the arguments from M/string theory. These arguments were based on the properties of the membrane instantons. Some assumptions were made concerning the superpotential and Kähler potential in the effective N = 1 supergravity potential (37) motivated by M/string theory. The axion potential was presented there in the form

V = Λ cos (ϕ/f) , (40)

without any constant part. Perhaps it is possible to add to this potential a positive constant C, but here we will analyse this model without making any such additions. This potential has a maximum at ϕ = 0, V (0) = Λ, and a minimum at ϕ = fπ, V (fπ) = −Λ. Therefore the universe collapses when the field ϕ rolls down from the top of this potential. The axion model with the potential (40) given in [27] has the properties that are qualitatively similar to those described in our paper if one assumes that f = O(M_p). Indeed, the curvature of the effective potential in its maximum at ϕ = 0 is given by

m^2 = − Λ f^2 = − 3 f^2

H^2_0 . (41)

If one takes, for definiteness, f = M_p = 1, one finds

m^2 = −Λ = −3H^2_0 , (42) and for f = M_p/ √ 2 one has

m^2 = −2Λ = −6H^2_0 , (43)

exactly as in the N = 8 model.

It is quite possible to describe dark energy using this model. The results of the investigation of this model are very similar to our results for N = 8 supergravity, so we will not reproduce here the figures for a(t), Ω_D and w. Instead we present in Figure 13 the range of all possible values of Λ and ϕ_0 which allow the universe (described by the model with f = M_p) to live longer than 14 billion years (the area under the thick (red) curve). Λ is given in units of ρ_0 and ϕ in units of M_p. Note that this graph is periodic and symmetric under reflection ϕ_0 → −ϕ_0. Therefore it is sufficient to present our results for 0 < ϕ_0 < fπ.

FIG. 13. The region below the thick (red) line contains all possible Λ and ϕ0 corresponding to the total lifetime of the universe greater than 14 billion years as predicted by the axion model (40). The (blue) dashed line Λ ≈ 3.6ρ0 separates this region into two equal area parts. The region below the thin (black) curve corresponds to all universes with the lifetime greater than 28 billion years, i.e. to the universes that would live longer than 14 billion years after the present moment. The area under this curve is 4 times smaller than the area under the thin (red) curve.

To conclude, the study of extended supergravities attracted our attention to the properties of other realistic models, like the axion one. As we see from the Figure 13, the set of parameters that allow the universe to have the total lifetime of more than 28 billion years (i.e. to live another 14 billion years from now on) is 4 times smaller than the set of parameters that allow our universe to live only 14 billion years. This implies that the axion model with V = Λ cos (ϕ/f) and f = O(M_p) can describe dark energy, but as in many previous cases, the universe can be expected to collapse within the next 10 - 20 billion years. The future collapse allows the anthropic considerations to be applied to such models, which in turn leads to a reasonable order of magnitude prediction of the value of the cosmological constant [36].

VII. DISCUSSION

In this paper we studied various possibilities to describe dark energy in supergravities and the future of the universe in such models. Most of the previous works on this subject concentrated on the attempts to obtain inverse power law tracker potentials in N = 1 supergravity [23,24]. These models required introduction of rather complicated superpotentials and Kähler potentials of several superfields and many assumptions.

In this paper we have chosen a different strategy. First of all, we considered several toy models based on extended supergravity which may have closer relation the M-theory. In addition we considered the simplest dark energy models in N = 1 supergravity. All of these models share a very interesting feature: The absolute value of the effective mass squared of the scalar field responsible for the dark energy of the universe is of the same order as the effective potential of this field, which implies that |m^2| = O(H^2). Whereas in the phenomenological models of quintessence this property usually is required for their consistency, in supergravity this feature is rather common and sometimes it is even unavoidable. In particular, in all known versions of extended supergravity with de Sitter solutions with the Hubble constant H, scalar field masses are always quantized: m^2 = n H^2_0 , where n are some integers which can be either positive or negative [13,20,18]. For example, in all versions of N = 8 supergravity of this type one always has a tachyon field with mass m^2 = V^{′′}_0 = −6H^2_0 = −2V_0, where V_0 is the value of the effective potential in its extremum corresponding to de Sitter solution, and V^{′′}_0 is the curvature of the potential at that point [13,18]. This makes all models with |m^2| = O(V ) interesting candidates for the role of the dark energy.

In all models with de Sitter vacuum state with m^2 ∼ V_0 > 0 the field ϕ slowly rolls to the minimum of the effective potential and the universe eventually reaches de Sitter state with H^2_0 = V_0/3.

On the other hand, all N = 8, N = 4, N = 2 models with m^2 = V^{′′}_0 = −6H^2_0 = −2V_0, as well as N = 1 Polónyi models with β > 2 − √ 3, describing the present state with Ω_D ≈ 0.7, lead to the following generic prediction concerning the future of the universe: Our universe is going to collapse within the time comparable to its present age t ∼ 14 billion years. Similar results are valid for the axion model of quintessence with the potential V = Λ[cos (ϕ/f) + C] for C < 1.

The possibility that a flat universe may collapse in the future was known for quite a while [8] - [17]. However, this possibility seemed to be rather extravagant, especially in view of the observations suggesting that the universe is accelerating. And even though we knew that the universe may collapse in a distant future, there was no reason to expect that this may happen relatively soon.

Now the situation becomes quite different. Among all models of dark energy based on extended supergravity only the N = 2 model of Ref. [20] leads to a stable de Sitter space in the future; all other models lead to a collapse. Among the simplest N = 1 Polónyi models only the models with β < 0.268 lead to a stable de Sitter space. Similarly, among all axion models with the potential V = Λ[cos (ϕ/f) + C] only the models with C ≥ 1 lead to a stable dS space. All other models predict that our universe should collapse within the next O(10) billion years.

Of course, all of the models considered in our paper are just toy models. We assumed that the dark energy hidden sector can be successfully incorporated into the theory of elementary particles and that the cosmological constant problem in the observable sector can somehow be solved. But this is a general issue with all models of dark energy. On the other hand, the new class of models may provide an unusual solution to the coincidence problem.

Indeed, the total lifetime of the universe in N = 8 theories with de Sitter solutions [19,13,18] is O(H^{−1}) ∼ O(Λ^{−1/2}). This lifetime can be few times greater, but only if the initial value ϕ_0 of the field ϕ is exponentially close to ϕ = 0. Thus, large values of Λ are forbidden since they do not allow the long-living universes.

If one considers all combinations of ϕ_0 and Λ compatible with the total lifetime of the universe t_{tot} > 14 billion years and assume that all such combinations are equally probable, one finds that the value of Λ should very close to ρ_0 ∼ 10^{−120}, and the most probable time before the future collapse of the universe is O(10) billion years. This may provide a solution to the fine-tuning/coincidence problem for Λ and Ω_D simultaneously predicting the typical time-scale of the global collapse of the universe in the models based on N = 8 supergravity [36]. Similar conclusion is valid for the simplest N = 1 Polónyi models with β > 0.268.

Interestingly, all models that lead to the “doomsday prediction” have some features that may allow us either to rule them out or to estimate the time remaining until the global collapse. For example, the N = 8 model with ϕ_0 < 0.3 and Ω_D = 0.7 would lead to a collapse within the next 10 billion years. Meanwhile, the model with ϕ_0 = 0.35 would lead to a collapse within the next 7 billion years, see Fig. 1. However, this model leads to a maximal value of Ω_D ≈ 0.65, which is possible but not particularly favoured by the recent observations [2]. The models with ϕ_0 > 0.4 would place the doomsday even much closer to the present moment, but they lead to Ω_D < 0.56, which is incompatible with the present cosmological measurements of Ω_D.

An additional information can be obtained by the measurements of w. In all models predicting the doomsday in the near future, the value of w tends to grow significantly at small z, i.e. at the present epoch, see Figs. 3, 12. It is difficult to determine the time dependence of w using CMB experiments alone [2], but one can combine them with the supernova observations, counts of galaxies and of clusters of galaxies, and with investigation of weak gravitational lensing [41,43,44]. Even in this case it is difficult to find the equation of state of dark energy w(z). However, if one takes the cosmological models based on supergravity seriously and realizes that our future is at stake, one gets an additional strong incentive to develop observational and theoretical cosmology. It was never easy to look into the future, but it is possible to do so and we should not miss our chance.

It is a pleasure to thank A. Albrecht, T. Banks, T. Dent, M. Dine, G. Felder, J. Frieman, N. Kaloper, A. Klypin, L. Kofman, D. Lyth, S. Perlmutter, A. Starobinsky, L. Susskind, P. Townsend, A. Vilenkin and C. Wetterich for useful discussions. This work was supported by NSF grant PHY-9870115. The work by A.L. was also supported by the Templeton Foundation grant No. 938-COS273. The work of S.P. was also supported by Stanford Graduate Fellowship foundation. M.S. work was also supported by DOE grant number DE-AC03-76SF00515.

[1] A. G. Riess et al. [Supernova Search Team Collaboration], “Observational Evidence from Supernovae for an Accelerating Universe and a Cosmological Constant,” Astron. J. 116, 1009 (1998) [astroph/9805201]; S. Perlmutter et al. [Supernova Cosmology Project Collaboration], “Measurements of Omega and Lambda from 42 High-Redshift Supernovae,” Astrophys. J. 517, 565 (1999) [astro-ph/9812133]; see also http://snap.lbl.gov.

[2] J. L. Sievers et al., “Cosmological Parameters from Cosmic Background Imager Observations and Comparisons with BOOMERANG, DASI, and MAX- IMA,” astro-ph/0205387.

[3] A. D. Dolgov, “An Attempt To Get Rid Of The Cosmological Constant,” in: The Very Early Universe, eds. G.W. Gibbons, S.W. Hawking and S.Siklos (Cambridge University Press 1983), pp. 449-458.

[4] C. Wetterich, “Cosmology And The Fate Of Dilatation Symmetry,” Nucl. Phys. B 302, 668 (1988); P. G. Ferreira and M. Joyce, “Cosmology with a Primordial Scaling Field,” Phys. Rev. D 58, 023503 (1998) [arXiv:astro-ph/9711102];E. J. Copeland, A. R. Liddle and D. Wands, “Exponential potentials and cosmological scaling solutions,” Phys. Rev.

D 57, 4686 (1998) [arXiv:gr-qc/9711068]; M. Doran and C. Wetterich, “Quintessence and the cosmological constant,” arXiv:astro-ph/0205267.

[5] B. Ratra and P. J. Peebles, “Cosmological Consequences Of A Rolling Homogeneous Scalar Field,” Phys. Rev. D 37, 3406 (1988); I. Zlatev, L. M. Wang and P. J. Steinhardt, “Quintessence, Cosmic Coincidence, and the Cosmological Constant,” Phys. Rev. Lett. 82, 896 (1999) [arXiv:astro-ph/9807002].

[6] C. Armendariz-Picon, V. Mukhanov and P. J. Steinhardt, “A dynamical solution to the problem of a small cosmological constant and late-time cosmic acceleration,” Phys. Rev. Lett. 85, 4438 (2000) [arXiv:astro-ph/0004134].

[7] V. Sahni and A. A. Starobinsky, “The Case for a Positive Cosmological Lambda-term,” Int. J. Mod. Phys. D 9, 373 (2000) [arXiv:astro-ph/9904398]; A. Albrecht, J. A. Frieman and M. Trodden, “Early universe cosmology and tests of fundamental physics: Report of the P4.8 working subgroup, Snowmass 2001,” in Proc. of the APS/DPF/DPB Summer Study on the Future of Particle Physics (Snowmass 2001) ed. R. Davidson and C. Quigg, arXiv:hepph/0111080; P. Binetruy, “Cosmological constant vs. quintessence,” Int. J. Theor. Phys. 39, 1859 (2000) [arXiv:hep-ph/0005037]; P. J. Peebles and B. Ratra, “The cosmological constant and dark energy,” arXiv:astro-ph/0207347; M. S. Turner, “Dark matter and dark energy: The critical questions,” arXiv:astroph/0207297.

[8] C.W. Misner, K.S. Torn, and J.A. Wheeler, Gravitation (Freeman and Co, New York, 1970), pp. 746-750.

[9] T. Banks, M. Berkooz and P. J. Steinhardt, “The Cosmological moduli problem, supersymmetry breaking, and stability in postinflationary cosmology,” Phys. Rev. D 52, 705 (1995) [arXiv:hep-th/9501053].

[10] L. M. Krauss and M. S. Turner, “Geometry and destiny,” Gen. Rel. Grav. 31, 1453 (1999) [arXiv:astroph/9904020].

[11] N. Kaloper and A. D. Linde, “Cosmology vs. holography,” Phys. Rev. D 60, 103509 (1999) [arXiv:hepth/9904120].

[12] R. Kallosh, L. Kofman, A. D. Linde and A. A. Tseytlin, “BPS branes in cosmology,” Phys. Rev. D 64, 123524 (2001) [arXiv:hep-th/0106241].

[13] R. Kallosh, A. D. Linde, S. Prokushkin and M. Shmakova, “Gauged supergravities, de Sitter space and cosmology,” Phys. Rev. D 65, 105016 (2002) [arXiv:hep-th/0110089].

[14] A. Linde, “Fast-roll inflation,” JHEP 0111, 052 (2001) [arXiv:hep-th/0110195].

[15] P. J. Steinhardt and N. Turok, “Cosmic evolution in a cyclic universe,” Phys. Rev. D 65, 126003 (2002) [arXiv:hep-th/0111098].

[16] G. N. Felder, A. Frolov, L. Kofman and A. Linde, “Cosmology with negative potentials,” Phys. Rev. D 66, 023507 (2002) [arXiv:hep-th/0202017].

[17] I. P. Heard and D. Wands, “Cosmology with positive and negative exponential potentials,” arXiv:grqc/0206085.

[18] R. Kallosh, “Supergravity, M theory and cosmology,” arXiv:hep-th/0205315.

[19] C. M. Hull and N. P. Warner, “Noncompact Gaugings From Higher Dimensions,” Class. Quant. Grav. 5, 1517 (1988).

[20] P. Fre, M. Trigiante and A. Van Proeyen, “Stable de Sitter Vacua from N=2 Supergravity,” arXiv:hepth/0205119.

[21] S. Hellerman, N. Kaloper and L. Susskind, “String theory and quintessence,” JHEP 0106, 003 (2001) [arXiv:hep-th/0104180]; W. Fischler, A. Kashani- Poor, R. McNees and S. Paban, “The acceleration of the universe, a challenge for string theory,” JHEP 0107, 003 (2001) [arXiv:hep-th/0104181].

[22] M. Dine, W. Fischler and D. Nemeschansky, “Solution Of The Entropy Crisis Of Supersymmetric Theories,” Phys. Lett. B 136, 169 (1984); G. D. Coughlan, R. Holman, P. Ramond and G. G. Ross, “Supersymmetry And The Entropy Crisis,” Phys. Lett. B 140, 44 (1984); M. Dine, L. Randall and S. Thomas, “Baryogenesis from flat directions of the supersymmetric standard model,” Nucl. Phys. B 458, 291 (1996) [arXiv:hep-ph/9507453]; A. D. Linde, “Relaxing the Cosmological Moduli Problem,” Phys. Rev. D 53, 4129 (1996) [arXiv:hep-th/9601083].

[23] P. Binetruy, “Models of dynamical supersymmetry breaking and quintessence,” Phys. Rev. D 60, 063502 (1999) [arXiv:hep-ph/9810553]; A. Masiero, M. Pietroni and F. Rosati, “SUSY QCD and quintessence,” Phys. Rev. D 61, 023504 (2000) [arXiv:hep-ph/9905346].

[24] P. Brax and J. Martin, “Quintessence and supergravity,” Phys. Lett. B 468, 40 (1999) [arXiv:astroph/9905040]; E. J. Copeland, N. J. Nunes and F. Rosati, “Quintessence models in supergravity,” Phys. Rev. D 62, 123503 (2000) [arXiv:hepph/0005222]; P. Brax, J. Martin and A. Riazuelo, “Quintessence with two energy scales,” Phys. Rev. D 64, 083505 (2001) [arXiv:hep-ph/0104240].

[25] J. Polónyi, “Generalization of the massive scalar multiplet coupling to the supergravity,” Hungary Central Inst Res - KFKI-77-93 (July 78); H. P. Nilles, “Supersymmetry, supergravity and particle physics,” Phys. Rep. 110 (1984) 1; D. Bailin and A. Love, Supersymmetric Gauge Field Theory and String Theory (IOP Publishing, Bristol 1996).

[26] J. A. Frieman, C. T. Hill, A. Stebbins and I. Waga, “Cosmology with ultralight pseudo Nambu- Goldstone bosons,” Phys. Rev. Lett. 75, 2077 (1995) [arXiv:astro-ph/9505060]; I. Waga and J. A. Frieman, “New Constraints from High Redshift Supernovae and Lensing Statistics upon Scalar Field Cosmologies,” Phys. Rev. D 62, 043521 (2000) [arXiv:astroph/0001354].

[27] K. Choi, “String or M theory axion as a quintessence,” Phys. Rev. D 62, 043509 (2000) [arXiv:hepph/9902292].

[28] C. F. Kolda and D. H. Lyth, “Quintessential difficulties,” Phys. Lett. B 458, 197 (1999) [arXiv:hepph/9811375].

[29] A. D. Linde, D. A. Linde and A. Mezhlumian, “From the Big Bang theory to the theory of a stationary universe,” Phys. Rev. D 49, 1783 (1994) [arXiv:grqc/9306035].

[30] M. Malquarti and A. R. Liddle, “Initial conditions for quintessence after inflation,” Phys. Rev. D 66, 023524 (2002) [arXiv:astro-ph/0203232].

[31] G. W. Gibbons, “Apects of Supergravity Theories,” in Supersymmetry, Supergravity and Related Topics, eds. F. del Aguila, J.A. de Azcárraga and L.E. Ibañez (World Scientific 1985) pp. 346-351; J. Maldacena and C. Nuñez, “Supergravity description of field theories on curved manifolds and a no-go theorem,” Int. J. Mod. Phys. A16 (2001) 822.

[32] P. K. Townsend, “Quintessence from M-theory,” JHEP 0111, 042 (2001) [arXiv:hep-th/0110072].

[33] C. M. Hull, “New gauged N = 8, D = 4 supergravities,” arXiv:hep-th/0204156.

[34] G. W. Gibbons and C. M. Hull, “de Sitter space from warped supergravity solutions,” arXiv:hepth/0111072.

[35] C. M. Hull, “The Minimal Couplings And Scalar Potentials Of The Gauged N=8 Supergravities,” Class. Quant. Grav. 2, 343 (1985).

[36] R. Kallosh and A. Linde, “ M-theory, Cosmological Constant and Anthropic Principle,” in preparation.

[37] S. J. Gates and B. Zwiebach, “Gauged N=4 Supergravity Theory With A New Scalar Potential,” Phys. Lett. B 123, 200 (1983).

[38] B. de Wit and A. Van Proeyen, “Potentials And Symmetries Of General Gauged N=2 Supergravity - Yang- Mills Models,” Nucl. Phys. B 245, 89 (1984).

[39] L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria, S. Ferrara, P. Fre and T. Magri, “N = 2 supergravity and N = 2 super Yang-Mills theory on general scalar manifolds: Symplectic covariance, gaugings and the momentum map,” J. Geom. Phys. 23, 111 (1997) [arXiv:hep-th/9605032].

[40] J. H. Schwarz, “Dilaton - axion symmetry,” arXiv:hep-th/9209125.

[41] J. Weller and A. Albrecht, “Future Supernovae observations as a probe of dark energy,” Phys. Rev. D 65, 103512 (2002) [arXiv:astro-ph/0106079];

[42] U. J. Lopes Franca and R. Rosenfeld, “Fine tuning in quintessence models with exponential potentials,” arXiv:astro-ph/0206194.

[43] P. S. Corasaniti and E. J. Copeland, “Constraining the quintessence equation of state with SnIa data and CMB peaks,” Phys. Rev. D 65, 043004 (2002) [arXiv:astro-ph/0107378].

[44] I. Maor, R. Brustein, J. McMahon and P. J. Steinhardt, “Measuring the Equation-of-state of the Universe: Pitfalls and Prospects,” Phys. Rev. D 65, 123003 (2002) [arXiv:astro-ph/0112526]; V. Sahni, T. D. Saini, A. A. Starobinsky and U. Alam, “Statefinder – a new geometrical diagnostic of dark energy,” arXiv:astro-ph/0201498; W. Hu, “Dark Energy and Matter Evolution from Lensing Tomography,” arXiv:astro-ph/0208093. J. A. Frieman, D. Huterer, E. V. Linder and M. S. Turner, “Probing

Dark Energy with Supernovae: Exploiting Complementarity with the Cosmic Microwave Background,” arXiv:astro-ph/0208100; J. J. Mohr, B. OShea, A. E. Evrard, J. Bialek and Z. Haiman, “Studying Dark Energy with Galaxy Cluster Surveys,” arXiv:astro-ph/0208102.