arXiv:astro-ph/0406039 v1 1 Jun 2004

UMN–TH–2313/04 FTPI–MINN–04/24 UVIC–TH–04/06 hep-ph/0406039 June 2004

Quintessence Models and the Cosmological Evolution of α.

Seokcheon Lee^{(a)}, Keith A. Olive^{(a,b)} and Maxim Pospelov^{(c)}

(a)School of Physics and Astronomy, University of Minnesota, Minneapolis, MN 55455, USA (b)William I. Fine Theoretical Physics Institute, University of Minnesota, Minneapolis, MN 55455, USA cDepartment of Physics and Astronomy, University of Victoria, Victoria, BC, V8P 1A1 Canada

Abstract

The cosmological evolution of a quintessence-like scalar field ϕ coupled to matter and gauge fields leads to effective modifications of the coupling constants and particle masses over time. We analyze a class of models where the scalar field potential V (ϕ) and the couplings to matter B(ϕ) admit common extremum in ϕ, as in the Damour-Polyakov ansatz. We find that even for the simplest choices of potentials and B(ϕ), the observational constraints on Δα/α coming from quasar absorption spectra, the Oklo phenomenon and Big Bang nucleosynthesis provide complementary constraints on the parameters of the model. We show the evolutionary history of these models in some detail and describe the effects of a varying mass for dark matter.

1 Introduction

The existence of dark energy supported by a number of cosmological observations remains one of the most outstanding puzzles in modern cosmology [1]. The cosmological constant and/or a quintessence field are the most commonly proposed candidates for dark energy. The possibility that a scalar field at early cosmological times follows an attractor-type solution [2, 3] and tracks the evolution of the visible matter-energy density while dominating the energy density in the Universe at late cosmological stages has been a subject of lively debates in the cosmology literature [4] - [20]. There are certain hopes that quintessence-like models may help alleviate the severe fine-tuning associated with the cosmological constant problem. This by itself represents a legitimate field of research and has triggered various model building efforts.

The most fundamental difference between quintessence and the cosmological constant is that the former represents a new very light degree of freedom, with a “wavelength” comparable to the size of the Hubble horizon. As a consequence, the dynamical scalar field gives rise to a time-dependent equation of state parameter, ω_ϕ ≡ p_ϕ/ρ_ϕ. Therefore, the variation of ω for dark energy with redshift is among the most important cosmological parameters to measure, and will be a large component of future efforts in cosmology.

Are there additional experimental ways of checking for the existence or absence of dark energy in the form of quintessence? Apart from “geometric” tests using standard cosmological methods (CMB, supernovae, lensing, etc.), one could also hope to detect the possible interaction of the quintessence field with matter. This can occur either through the observation of the effective change of the coupling constants and masses of particles over cosmological times, or via detecting additional components to the gravitational interaction due to exchange by the scalar. A positive detection of the cosmological change of coupling constants would be firm proof of the existence of new degree(s) of freedom with extremely long wavelength, thus providing a perfect candidate for quintessence.

For this reason, the recently reported indications of a change in the effective electromagnetic coupling constant [21], Δα/α ∼ −0.6 × 10^{−5} at redshifts z ∼ 1, if indeed true, can be considered as an independent detection of an ultra-light degree of freedom. These results [21] are based on the comparison of the relativistic shifts of atomic energy levels in quasar absorption spectra. For some time this result remained unchallenged, yet recently there have been attempts to detect a variation in α using similar methods [22] that has so far led to null results. Also, alternative (α-unrelated) explanations of the results of Ref. [21] based on a z-dependent Mg isotope abundance were shown to be astrophysically viable [23]. This rather controversial situation becomes even more complicated if other constraints on Δα/α are taken into account [24]. The Oklo natural reactor and meteoritic abundances of rhenium provide stringent constraints on the change of the coupling constants that goes back to z ∼ 0.1 − 0.4 [25, 26, 27]. However, a recent re-analysis of Oklo phenomenon suggested that the present data are consistent with the non-zero change of Δα/α = 4.5 × 10^{−8} [28].

Despite the questionable status of the non-zero claim for Δα/α there have been a number of attempts [14] - [17], [29] - [35] to build simple models that could account for a possible O(10^{−5}) relative shift in the fine structure constant at redshifts z ∼ 1. It is widely accepted now that the minimal Bekenstein model [29] with a scalar field coupled only to the electromagnetic field in the initial Lagrangian, L_{φF} = − 1 4 B_F ( φ M_{Pl} ) F_{μν} F^{μν} = − 1 4 ( 1 + ζ_F φ M_{Pl} + ξ_F 2 ( φ M_{Pl}

)_2 + ... ) F_{μν} F^{μν} , (1.1)

cannot provide Δα/α larger than 10^{−9} − 10^{−10} level when the constraints on the nonuniversal gravitational interaction mediated by this field are imposed. This is because the electromagnetic portion of the baryon energy density that drives the cosmological evolution of φ is a very weak source. It has been suggested that the coupling to dark matter [30, 35, 33] and/or the self-interaction potential [34] of the scalar field drives its evolution. A number of tracker field and quintessence field models coupled to F^2_{μν} have been analyzed with the universal conclusion that a linear coupling to the electromagnetic energy density on the order of 10^{−3} <∼ ζ_F <∼ 10^{−5} can easily explain the QSO-suggested change of the fine structure constant and satisfy the experimental limits on the universality of the gravitational interaction. It has proven to be a harder task to have a substantial change in the fine structure constant at z ∼ 1 and remain consistent with the Oklo and meteoritic constraints. Only a few models (see e.g. Refs. [15], [17]) are known to pass these requirements.

To this end, it will be useful to investigate a class of quintessence models where the potential V (φ) admits a minimum at φ_0, and φ(z) approaches φ_0 when z → 0. Without loss of generality, we can put the extremum value to zero, and then V (0) ≃ Λ = Ω_Λρ_c, where ρ_c is the closure energy density today. In order to suppress the variation of α at late times, one could also assume that ζ_F = 0, or in other words, require V (φ) and B_F (φ) to share the same extremum. We note that most of the quintessence models analyzed in the context of changing coupling constants to date, were coupled to the electromagnetic lagrangian linearly, while the coupling to other gauge and matter fields was neglected. Continuing along the same line, it would be reasonable to allow a multitude of couplings B_i(φ), and require ζ_i = 0. This is exactly the proposal of the “least coupling” principle, introduced a decade ago by Damour and Nordtvedt [36] and Damour and Polyakov [37] in the context of the string dilaton with the primary goal to suppress the strength of the gravitational interaction mediated by φ. Here we supplement their idea by including the self-interaction potential V (φ) with an extremum at the same value of φ as in B_i(φ). We note that this property, a common extremum in φ, remains intact even in the presence of the radiative corrections, and therefore does not require any additional fine-tuning.

In what follows, we analyze in detail the cosmology of coupled quintessence models with a common extremum in V (φ) and gauge and matter/gauge couplings B_i(φ). We note that only a coupled quintessence model derived from Brans-Dicke theory has been analyzed to date [38, 39]. We investigate the size of the possible variation of masses and couplings in these models and find that some generic choices of V (φ) and B_i(φ) can be consistent with all observational requirements. This paper is organized as follows. In the next section we introduce our model and display the necessary cosmological equations. In sections 3-5, we make specific choices for the potential V (φ) and matter/gauge couplings B_i(φ) and find the evolution of the dark energy and dark matter energy density over the redshift. We make predictions for the variation of the coupling constants and masses and outline the choice of parameters that satisfies all existing constraints. We reach our conclusions in section 6.

2 Cosmological evolution of a scalar field in the presence of couplings to matter

We start by writing down the general equation for the interaction of a light scalar field φ with matter,

S_ϕ = ∫ d^4x √ −g {M̄^2 2 [∂^μϕ∂_μϕ − R] − V (ϕ) − B_{F i}(ϕ) 4 F^{(i)}_{μν} F^{(i)μν} + ∑ j [ψ̄_jiD/ψ_j − B_j (ϕ)m_jψ̄_j ψ_j ] } . (2.1)

In this expression, ϕ is the scalar field of interest with its kinetic term normalized together with the gravitational interaction. The placement of the reduced Planck mass, M̄ , in (2.1) renders ϕ dimensionless. B_{F i}(ϕ) represents the ϕ-dependence of the gauge couplings in Standard Model where the sum is over all three groups. ψ_j represents Standard Model fermions that are coupled to ϕ via the functions B_j (ϕ). Note that the ϕ-dependent rescaling of the matter fields and metric allows us to remove ϕ from the couplings to the kinetic terms and R. A similar rescaling in the gauge sector will lead to the appearance of a ϕ-dependence in the interaction terms between gauge fields and matter, i.e. precisely ϕ-dependent gauge couplings. Besides SM fermions, the sum over j includes other matter field (i.e. scalar Higgses, Majorana neutrinos etc.) as well as various interaction terms. Finally, any viable cosmological scenario requires cold dark matter, and we also include it in the sum with the separate coupling B_{DM} (ϕ). Since ϕ couples to the trace T^μ_μ of dark matter, our results are independent of the nature of the dark matter particles (scalars or fermions). Furthermore, since dark matter is the dominant component of the matter energy-density, we can simply take B_m(ϕ) ≃ B_{DM} (ϕ).

From the above action (2.1) we can derive the equation of motion for the scalar field, ϕ: □ϕ + 1 M̄ 2 ∂V ∂ϕ = − ∑ j 1 M̄ 2 ∂B_j ∂ϕ m_j ⟨ψ̄_j ψ_j ⟩, (2.2)

where ⟨ψ̄_j ψ_j ⟩ stands for the number density of a j-th fermion. Notice that at tree level, radiation does not contribute to the r.h.s. of Eq. (2.2) because its stress-energy tensor is traceless. Given a potential V (ϕ), the perfect fluid energy density and pressure contributions due to ϕ are:

ρ_ϕ = 1 2 M̄^2ϕ̇^2 + V (ϕ) (2.3)

p_ϕ = 1 2 M̄^2ϕ̇^2 − V (ϕ) ≡ ω_ϕρ_ϕ, (2.4)

where the parameter ω_ϕ is related to the equation of state (EOS) of the scalar field. Combining Eqs. (2.3) and (2.4), we obtain a useful relation between the potential V (ϕ), the energy density of the scalar field, and ω_ϕ,

ρ_ϕ = 2V (ϕ) (1 − ω_ϕ)

. (2.5)

The energy density ρ_ϕ and pressure p_ϕ of the scalar field contribute to the r.h.s. of Einstein’s equations and yield the following Friedmann equation in a Robertson-Walker Universe,

H^2 = 1 3M̄^2 ( ρ_ϕ + ρ_r + ρ_m ) ≡ 1 3M̄^2 ρ_{cr}, (2.6)

where H = ȧ/a is the Hubble expansion rate, M̄^2 = M^2_p /8π is a reduced Planck mass, ρ_r and ρ_m is the energy density of radiation and matter, and ρ_{cr} is the critical energy density. The energy density of matter and radiation contains ϕ-dependence, i.e. ρ_m = ∑ j B_j (ϕ)m_j ⟨ψ̄_j ψ_j ⟩. Using these definitions, we can rewrite the scalar field equation (2.2),

ϕ̈ + 3Hϕ̇ + 1 M̄ 2 ∂V ∂ϕ = − 1 M̄ 2 ∂ ln B_m ∂ϕ ρ_m. (2.7)

Conservation of the energy-momentum tensor gives us another equation,

ρ̇_ϕ + 3H(1 + ω_ϕ)ρ_ϕ = − ∂ ln B_m ∂ϕ ρ_mϕ̇. (2.8)

For cosmological studies that span a large range of redshifts z, it is convenient to introduce the variable x as the logarithm of the scale factor a,

x = ln a = − ln(1 + z) (2.9) where we choose the present scale factor a^{(0)} = 1. With the use of the variable x, we can rewrite the relevant system of equations for d ln ρ_i/dx in the following form, d ln ρ_m dx = −3(1 + ω_m) +

∂ ln B_m(ϕ) ∂ϕ dϕ dx , (2.10) d ln ρ_r dx = −3(1 + ω_r), (2.11) d ln ρ_ϕ dx = −3(1 + ω_ϕ) −

∂ ln B_m(ϕ) ∂ϕ dϕ dx ρ_m ρ_ϕ , (2.12)

where ω_r = 1/3 and ω_m = 0 should be used for radiation and matter respectively.

The evolution of ϕ as a function of redshift can be found relatively easy if one is able to solve the cosmological equations and obtain ω_ϕ and Ω_i ≡ ρ_i/ρ_{cr} as a function of x. For example, the derivative of ϕ with respect to x can be obtained from Eq (2.3), ( dϕ dx )_2

= 3Ω_ϕ(1 + ω_ϕ), (2.13)

If ω_ϕ is close to −1, the kinetic energy of the scalar field goes to zero which occurs when the scalar field is close to the minimum of the potential.

The evolution of ϕ(x) expressed in terms of ω_ϕ and Ω_ϕ takes an especially simple form when B_m(ϕ) does not produce a significant change in the cosmological equations, and terms containing ∂B_m(ϕ)/∂ϕ can be neglected. In this case, the matter and radiation energy densities can be easily related, ρ_r = (a_{eq}/a)ρ_m, where a_{eq} is the scale factor when the radiation and matter densities are equal, and a_{eq} ≪ 1. This allows us to rewrite Eq. (2.6) for the evolution of the scalar field energy density in a useful form,

d ln(1 − Ω_ϕ) dx = Ω_ϕ [ 3ω_ϕ − ( a_{eq} a + a_{eq} ) ] . (2.14)

The dependence of critical density on the scale factor can be found explicitly, which allows us to express V (ϕ) from (2.5) as

V (ϕ) = 1 2 (1 − ω_ϕ)Ω_ϕρ_{cr} = 3 2 (M̄ H^{(0)})^2(1 − ω_ϕ)Ω_ϕ

1 − Ω^{(0)}_ϕ 1 − Ω_ϕ ( a^{(0)} a )_4 a + a_{eq} a^{(0)}

. (2.15)

In this expression, H^{(0)} and 1 − Ω^{(0)}_ϕ = Ω^{(0)}_m are the Hubble expansion rate and the matter density today. This equation can be used further to obtain ϕ, i.e. by taking the logarithm of both sides of (2.15) for a simple exponential potential. The derivative of (2.15) with respect to x gives us another useful equation,

d ln(1 − ω_ϕ) dx = 3(1 + ω_ϕ) + ∂ ln V ∂ϕ dϕ dx . (2.16)

When the change in B_m(ϕ) is not small and cannot be neglected, all cosmological equations become considerably more complicated. The scaling of the matter energy density differs from usual a^{−3} behavior because of the changing mass, due to B_m(ϕ), while the scaling of radiation energy density remains unchanged,

ρ_m(x) = ρ^{(0)}_m a^{−3} B_m ( ϕ(x) ) B_m ( ϕ(0)

) , and ρ_r(x) = ρ^{(0)}_r a^{−4} (2.17)

ρ_r = a_{eq} a B_m ( ϕ(x_{eq}) ) B_m ( ϕ(x) ) ρ_m (2.18)

With the use of these relations, we generalize Eqs. (2.14) and (2.16),

d ln(1 − Ω_ϕ) dx = Ω_ϕ [ 3ω_ϕ − ( a^{(c)}_{eq} a + a^{(c)}eq ) ] + ( a a + a^{(c)}eq ) ∂ ln B_m ∂ϕ dϕ dx (2.19)

d ln(1 − ω_ϕ) dx = 3(1 + ω_ϕ) + ∂ ln V ∂ϕ dϕ dx + (1 − Ω_ϕ)

Ω_ϕ ( a a + a^{(c)}eq ) ∂ ln B_m ∂ϕ dϕ dx (2.20)

where we have introduced an auxiliary function, a^{(c)}_{eq} (ϕ) = a_{eq}B_m ( ϕ(x_{eq}) ) B^{−1}_m ( ϕ(x) ) . 3 Cosmological evolution of the scalar field

3.1 Relation between V (ϕ) and B_i(ϕ)

Our main assumption in this work is that all functions B_i(ϕ) and V (ϕ) admit a common extremum, which is an obvious generalization of Damour-Nordtvedt and Damour-Polyakov constructions [36, 37]. Near this extremum, all functions admit an expansion

B_i(ϕ) = 1 + 1 2 ξ_iϕ^2 + ...; V (ϕ) = V_0(1 + 1 2 λϕ^2 + ...), (3.1)

where ξ_i and λ are dimensionless parameters, while V_0 is of the order of the dark energy density today.

In order to be able to start our analysis, we must specify the potential V (ϕ) and functions B_i(ϕ). Without any serious guidance from the underlying theory, their choice is completely ad hoc, and the only constraints are those coming from observations. A large number of quintessence potentials V (ϕ) has been analyzed in the past, but the parameter space of functions B_m(ϕ) and B_F (ϕ) remains relatively unexplored. To this end, we propose an ansatz that would relate B_i(ϕ) and V (ϕ). Since we are going to consider only positivedefinite functions, we choose a two-parameter relation,

B_i(ϕ) = ( b_i + V (ϕ)/V_0

1 + b_i )_{ni} , where b_i + 1 > 0 (3.2)

This relation is sufficiently generic, and varying the two dimensionless parameters n_i and b_i for each function B_i(ϕ) allows us to cover a wide range of possibilities. The expansion of (3.2) near the extremum allows us to relate ξ_i and λ,

ξ_i = λn_i 1 + b_i

. (3.3)

If the quintessence field changes by Δϕ ∼ O(1) between redshifts z ∼ 1 and z = 0, the constraints on the variation of masses and couplings would normally require small ξ_i which may be due to small n_i and/or a large value for b_i. In a typical tracker regime, V (ϕ) changes by many orders of magnitude, and at early cosmological epochs, the value of V (ϕ) can be much larger than the normalization scale b_i. In this case, B_i(ϕ) ∼ (V (ϕ))^n.

In the next two sections, we analyze two types of potentials, which in the asymptotic regime of tracking behavior, scale as exp(ϕ^2) and exp(ϕ). We first assume that the couplings of ϕ to all matter fields are rather small and have no backreaction on the cosmological evolution of ϕ. We then allow for a substantial coupling B_m(ϕ) to dark matter and show the impact of that on the dynamics of the quintessence field. By comparing the evolution of B_F (ϕ) for electromagnetic field to observational constraints, we can determine the allowed range of parameters for n_F and b_F .

3.2 Quintessence with exp(λϕ^2/2) and cosh(λϕ) type potentials

We next consider two sample potentials which can combine the properties of a tracking solution with a minimum that provides the dark energy at late times:

case A : V (ϕ) = V_0 exp ( λϕ^2 2 ) (3.4) case B : V (ϕ) = V_0 cosh(λϕ) (3.5)

Both potentials have the same expansion near the minimum (3.1) and are sufficiently easy to analyze. For now, we set B_F = B_m = 1. Closely related potentials have been expansively analyzed in the past by several groups [7, 9].

Case A.

While the evolution equation for Ω_ϕ is unchanged from Eq. (2.14), the evolution equation for ω_ϕ can be rewritten as d ln(1 − ω_ϕ) dx = 3(1 + ω_ϕ) ± λϕ √ 3Ω_ϕ(1 + ω_ϕ), (3.6)

where the choice of plus(minus) depends on whether the evolution of ϕ starts from negative(positive) values. The dependence of ϕ can be obtained directly from (2.15), λ 2 ϕ^2 = −4x + ln(a + a_{eq}) + ln ( Ω_ϕ(1 − ω_ϕ) 1 − Ω_ϕ ) + ln

3(H^{(0)}M̄)^2(1 − Ω^{(0)}_ϕ )

2V_0

(3.7)

All terms in Eq. (3.7) other than the (−4x)-term do not change significantly over the history of Universe. This is similar to the evolution of a scalar field in the tracker regime for an exponential potential, where ln V (ϕ) ∼ const − 3(1 + ω_i)x [11].

An advantage of a tracker-type potential is that the cosmological evolution of the scalar field ϕ during the observationally relevant epoch, i.e. z <∼ 10^{10} is insensitive to the choice of initial conditions for ϕ that can be specified deep inside the radiation-dominated epoch. In order to exhibit tracking behavior, the potential must satisfy two conditions [4]: Γ ≡ V^{′′}V (V^′)^2

≥ 1 and | | | | | d ln(Γ − 1) dx | | | | | ≪ 1. (3.8)

The simple exponential potential provides a tracker solution with Γ = 1.

For the potential (3.4), we find

Γ = 1 + 1 λϕ^2 , (3.9)

which is larger than 1 for any positive λ. For the second condition we obtain | | | | d ln(Γ − 1) dx | | | | = 2 √ 3Ω_ϕ(1 + ω_ϕ) |ϕ| , (3.10)

which is much smaller than one as long as ϕ is far from the minimum, i.e. at all cosmological epochs except for late times.

To be compatible with observational data, quintessence models must satisfy the following conditions: 1) The energy density of quintessence must be subdominant during Big Bang nucleosynthesis (BBN) [3], Ω^{(BBN )}_ϕ (x ∼ −23) < 0.2 at T ∼ 1 MeV; 2) the energy density at present must be compatible with the preferred range for dark energy, 0.60 ≤ Ω^{(0)}_ϕ (x = 0) ≤ 0.85 [40]. The evolution of energy density components, Ω_r, Ω_m, and Ω_ϕ is shown in Fig. 1a along with the dark energy equation of state. In the very early universe, the EOS parameter has an oscillatory behavior as does the density parameter Ω_ϕ which quickly converges to an attractor solution washing away any memory of initial conditions. As one can see, the constraint of Ω_ϕ < 0.2 from nucleosynthesis is easily satisfied in this model. We also note that during the radiation dominated era, ω_ϕ ≈ ω_r = 1/3 as in other tracker solutions. The transition to a matter dominated Universe occurs around x = −8.6 (z ∼ 5400). During the matter dominated stage, ω_ϕ begins to drop sharply towards its final value of ω_ϕ = −1. At x = −0.5 (z ≃ 0.6), the Universe begins to be dominated by the quintessence field. In Fig. 1b, we show the present value of ω_ϕ as a function of the coupling, λ, for three different values of the present value of Ω_ϕ. For large values of λ, the potential is relatively steep and the field quickly evolves towards its minimum where V ≃ V_0, which must be tuned close to the present cosmological constant value. In this case,

Figure 1: The exp(λϕ^2/2) potential. a) The cosmological evolution of the equation of state parameter, ω_ϕ, and the energy density parameters, Ω_i, of each component for λ = 5. The evolution of the parameters is similar for other choices of λ. b) The dark energy equation of state parameter ω_ϕ as a function of λ for an acceptable range of the dark energy density (0.6 ≤ Ω^{(0)}_ϕ ≤ 0.85).

ω_ϕ → −1. In contrast, for small values of λ, the potential is relatively shallow, and ϕ is still evolving. As one can see, applying the constraint [41], ω^{(0)}_ϕ < −0.6 gives the limit λ >∼ 1.5 (for the case of Ω_ϕ = 0.73). When the present value of ϕ is not at the minimum (ϕ = 0), the constant, V_0 must be adjusted to obtain the desired value of Ω_ϕ today.

Case B.

As one might expect, the potential (3.5) gives a very similar result as one would obtain for a simple exponential potential (V (ϕ) ∝ exp(−λϕ)) at early times. Therefore, for λϕ >∼ 1, i.e. far from the minimum, the scalar field is simply

λϕ ≃ −4x + ln(a + a_{eq}) + ln ( Ω_ϕ(1 − ω_ϕ) 1 − Ω_ϕ ) + ln

3(H^{(0)}M̄)^2(1 − Ω^{(0)}_ϕ )

2V_0

. (3.11)

For this potential, the tracking parameter Γ is,

Γ = 1 + 1 sinh^2(λϕ)

. (3.12)

Clearly, at late times, as ϕ approaches 0, the tracking condition will be violated which opens up the possibility that the Universe will be dominated by the scalar field, in contrast to the simple exponential potential. A comparison of the late time behavior between the exponential and cosh type potentials is shown in Fig.2.

Figure 2: The evolution of Ω_ϕ and ω_ϕ for the simple exponential potential (solid) and the cosh potential (dotted). The main difference between two potentials appears at late times. We use λ = 5 for both potentials.

In Fig. 3a, we show the full evolution of Ω_r, Ω_m, Ω_ϕ, and ω_ϕ. In this case, matter domination occurs at x = −8.2 (z ≃ 3500), and quintessence domination occurs at x = −0.3 (z ≃ 0.35). The cosh-type potential turns out to be more restricted by observational requirements than the potential (3.4). In Fig. 3b, we show the value of Ω_ϕ(x = −23) corresponding to its BBN value as a function of the coupling λ. We see that the constraint Ω_ϕ < 0.2 implies 4 ≤ λ.

4 Time variation of the fine structure constant

To study the cosmological evolution of the fine structure constant we use the following relation between B_F and α, Δα(z) α ≡ α(z) − α(0) α(0) = B_F (ϕ(0)) B_F (ϕ(z))

− 1. (4.1)

Note that the present value of the field ϕ(0) is close to zero.

We assume that the backreaction of B_i(ϕ) on the cosmological evolution of ϕ itself is small, and therefore can use the results of the previous section. All physical processes

Figure 3: The cosh(λϕ) potential. a) The cosmological evolution of the equation of state parameter, ω_ϕ, and the energy density parameters, Ω_i, of each component for λ = 5. The evolution of the parameters is similar for other choices of λ. b) The quintessence density parameter Ω_ϕ evaluated at the time of BBN as a function of λ.

sensitive to changes in α can be separated into two broad categories: those that correspond to relatively low redshifts, z ∼ 1 and smaller, and high-redshift phenomena such as BBN and the cosmic microwave background anisotropies.

4.1 Late time evolution

For the late time evolution of α we can use the expansion of B_F (ϕ) given in (3.1). In this case, the expression for Δ(α) takes the following simple form, Δα(z) α = ξ 2 ( ϕ^2(0) − ϕ^2(z) ) , (4.2)

where we dropped the subscript F in ξ_F to be concise. For the exponential of ϕ^2 potential (3.4), this expression can be found in a more explicit form with the use of (3.7), Δα(x) α = ξ λ −3x + ln Ω_ϕ(1 − Ω^{(0)}_ϕ )(1 − ω_ϕ) Ω^{(0)}_ϕ (1 − Ω_ϕ)(1 − ω^{(0)}_ϕ )

. (4.3)

Using the result of the previous section, we can predict the evolution of α over redshift in terms of two parameters, ξ and λ. We choose two characteristic values of ξ, based on two QSO results. To be consistent with the non-zero result for Δα by Murphy et al. [21], we choose ξ in such a way that Δα/α = −5.4 × 10^{−6} at a redshift of 3. Another option that we explore is |Δα/α| ≤ 6 × 10^{−7} at z = 1.5, which is motivated by the experimental accuracy of Chand et al. [22]. For definiteness, in the second case we choose Δα/α = −7 × 10^{−6}.

The results for the choice Δα/α = −5.4×10^{−6} are plotted in Fig. 4. The family of solid curves corresponds to different choices of the coupling λ = 1, 4, and 5 in (3.4). It is easy to see that the evolution of α is approximately linear over a large range of redshifts for z > 1. This follows directly from (4.3) where only the −3x term is changing at these redshifts. In panel b) of Fig. 4 we show a blow-up of panel a) for z ≤ 0.5. This will facilitate the comparison between this model and the experimental constraints at low z. At late times (at low z), the evolution of α slows down considerably. For comparison, we present similar results for the case of the linear coupling ζ between ϕ and F_{μν} F^{μν} , for the same choice of initial conditions. The corresponding curves are plotted in Fig. 4 by dashed-dotted lines. The main qualitative difference between these two choices, ξ or ζ is at late times. When ζ = 0 and ξ ≠ 0, the fine structure constant evolves very slowly, whereas for ζ ≠ 0 the evolution of α remains approximately linear.

In Fig. 5, we show the analogous results for the evolution of α for the potential (3.5). Once again, we show results for three choices of λ; in this case, we have used λ = 4, 4.5, and 5. Notice that in this case, α overshoots its present day value. This is due to the fact that with these choices of λ, ϕ rolls past the minimum (at ϕ = 0) and begins an oscillatory behavior as it settles to the minimum of the potential. For the quadratic coupling, variations in α do not change sign thus causing Δα to reach the value 0, before becoming negative again. Damped oscillations of ϕ (and hence α) will continue to settle towards the minimum for which Δα = 0.

We now turn to the question of how the sensitivity to Δα/α achieved in Refs. [21, 22] compares to other probes of Δα/α at smaller redshifts. In particular, we calculate Δα/α at z = 0.14 relevant for the Oklo bound [25], the time average Δα/α between the redshifts 0 and z = 0.45 which is constrained by meteoritic data [26, 27], and the rate of change in α today, α̇/α [45]. In addition to the observables directly related to the fine structure constant, we also calculate the differential acceleration of two bodies towards a common attractor, limited by the precision tests of the universality of the gravitational force [35, 46]. To calculate Δg/g we use the calculation of Ref. [35], and conservatively assume that the coupling of the scalar field to nuclei is mediated only by the electromagnetic interactions. The calculations of Ref. [35] are done for the linear coupling ζ, but the generalization to the case of ζ = 0, ξ ≠ 0 is straightforward, via the substitution ζ → ξϕ(z = 0) [37]. The results of these calculations are compiled in Table 1.

In Table 1, we display specific results for both forms of the potential, V (ϕ), considered; both with λ = 5. We also show results for both sets of normalization [21, 22] and for

Figure 4: a. The evolution of Δα/α over the redshift range 0 ≤ z ≤ 3 driven by the potential (3.4). Panels a) and b) use the common normalization Δα/α = −0.54 × 10^{−5} at z = 3. Figures c) and d) use the common normalization Δα/α = −0.06 × 10^{−5} at z = 1.5. The solid lines correspond to the choice ζ = 0 and ξ ≠ 0, whereas the dashed-dotted lines allow ζ ≠ 0.

Figure 5: As in Fig. 4 for the potential 3.5. Here λ = 4, 4.5, and 5.

Table 1: Results for Δα/α for comparisons with the Oklo, meteoritic, present-day, and equivalence principle bounds. Values of Δα/α, ξ, and ζ have been scaled by a factor of 10^6, values of α̇/α and Δg/g have been scaled by a factor of 10^{17}. V (ϕ) V_0 ( Δα α )_3 (^{Δα}_α )_{1.5} ξ ζ (^{Δα}_α )_{0.14} (^{Δα}_α )_{0.45}^{α̇} (yr^{−1})^{Δg}_g exp(λϕ^2/2) −5.4 −3.4 0 −7.6 −0.24 −0.42 9.6 −2.5 −5.4 −2.1 22 0 −0.011 −0.05 0.048 −0.074 −0.93 −0.6 0 −1.3 −0.041 −0.073 1.7 −0.076 −1.4 −0.6 5.8 0 −0.0028 −0.013 0.013 −0.0053 cosh(λϕ) −5.4 −0.54 0 −29 −0.097 0.20 0.17 −36 −5.4 −0.054 310 0 −0.0017 −0.029 0.0014 −1.5 −4.5 −0.6 0 −24 −0.082 0.17 0.16 −26 −34 −0.6 1900 0 −0.011 −0.18 0.012 −59

both a linear (ζ ≠ 0) and quadratic (ξ ≠ 0) coupling of ϕ to F^2. Here, we will not consider the constraints on α when relations between all three gauge couplings are assumed [42, 43, 44]. The latter are typically a factor of 100 times stronger. The Oklo bound [25] is roughly Δα/α <∼ 10^{−7} Therefore any result in Table 1 with a value of (^{Δα}_α )_{0.14} in excess of 0.1 is excluded. For the exp(λϕ^2/2) potential, the linear coupling with the −0.54 × 10^{−5} normalization is excluded, while the other cases are all allowed. From Fig. 4, we see also that smaller values of λ lead to larger variations in α at z = 0.14. For the cosh(λϕ) potential, all cases with λ = 5 are allowed. However, as one can see from Fig. 5, even the slightly lower values of λ shown lead to excessive variations in α for the linear coupling.

A closer look at Table 1 reveals an interesting observation. A non-zero value for Δα/α at the level of ∼ 0.5 × 10^{−5} at z = 3 can be perfectly consistent with the bound |Δα/α(z = 1.5)| ≤ 0.6 × 10^{−6} because of the highly non-linear evolution of the scalar field. Indeed, the quadratic coupling for the cosh-like potential shows that the ratio Δα(z = 1.5)/Δα(z = 3) can be as small as 0.01. This implies that in certain models the non-zero result of Ref. [21] for Δα/α that spans a rather large range of redshifts and the better-sensitivity zeroresult measurement of Δα/α at one redshift z = 1.5 may not necessarily be contradictory. This would require, however, that the dominant source of the effect observed in [21] is due to their high redshift absorbers (z > 1.8) which also carry the largest uncertainties. Nevertheless, we see that even in the simple models considered here, the change of α in time can be compatible with both claims without any special fine-tuning.

The meteoritic bound was discussed in detail in [26], where the bound −8 × 10^{−7} < Δα/α < 24 × 10^{−7} was derived. Note that in this case, the bound relates to the time average of Δα/α which is the quantity given in Table 1. Thus values in the table should be restricted between -0.8 and 2.4. All models shown satisfy this constraint.

The combined result of several recent atomic clock measurements limit the present day rate of change in the fine-structure constant to α̇/α = (−0.9 ± 4.2) × 10^{−15} [45]. All models considered easily satisfy this bound. Finally, we compute the differential acceleration of the Earth-Moon system towards the Sun. The limit on Δg/g is 0.9 × 10^{−12} [46]. As one can see, all of the models considered easily satisfy this bound as well.

4.2 Early time evolution

The experimental searches for variations in α provide a very useful constraint (or determination, according to Ref. [21]) on the size of the quadratic term, ξ = λn/(1 + b), where we dropped the subscripts in n_F and b_F . Since ξ is typically 10^{−4} or smaller, one cannot determine whether this the result should be interpreted as b ≫ 1 or n ≪ 1 or both.

However, there are two additional important observables, Δα at the cosmic microwave background epoch [47], and at BBN [42, 44, 48] that will provide more information on b and n. In fact, since the evolution of α at early times is monotonic, and since BBN and CMB data provide a similar level of sensitivity of order a few per cent to Δα/α, we will just use the BBN constraint as it extends much farther back in time.

For both potentials, (3.4) and (3.5), we calculate the corresponding values of the field at the BBN redshift, z ≃ 10^{10}.

ϕ_{BBN} ≃ −5.52 for V (ϕ) = V_0 exp(λϕ^2/2) (4.4) ϕ_{BBN} ≃ −11.9 for V (ϕ) = V_0 cosh(λϕ) (4.5)

These values of ϕ_{BBN} are calculated for the choice of λ = 5, and can be used to estimate the size of the correction to the fine structure constant, Δα/α_{BBN} . Alternatively, we can use the scaling of the V (ϕ) with a in Eq. (2.15) to get the same result. We conservatively assume that this quantity is limited at the level of 0.06 (see e.g. for the latest re-analysis of this bound [49]) based on the new derived^4He abundance of Y_p = 0.249 ± 0.009 [50]. The connection between V and B_F that we impose (3.2) does not allow for a linearized form of B_F (ϕ) (3.1) at the high redshift associated with BBN, because the potentials we consider in this paper are very steep.

Using Eq. (4.1) together with the ansatz (3.2), the constraint Δα/α(ϕ_{BBN} ) becomes ( 1 + b b + V (ϕ_{BBN} )/V_0 )_n > 0.94 (4.6)

This constraint is shown in Fig. 6 for our two choices of potentials, both with λ = 5. In the light shaded region, both potentials satisfy the BBN bound on α. In the medium shaded

Figure 6: Constraints on the parametrized relation between B and V coming from the earlyand late-time evolution of the scalar field. The constraints from the early-time evolution determine the allowed region in the b − n plane for the both potentials (light shaded) and for the cosh(ϕ) potential alone (medium shaded). Both potentials fail the constraint in the dark shaded region. The early-time evolution constraint is shown by the near horizontal lines at low b. The values for ξ are taken from the table: ξ × 10^6 = 5.8, 22, 310, and 1900 are shown by the dashed, solid, dot-dashed, and dotted lines respectively.

region, only the cosh(ϕ) potential satisfies the bound. In the dark shaded region, both potentials lead to variations in α at the time of BBN which are in excess of the constraint. Also shown in Fig. 6 is the constraint obtained in the previous section from the late-time evolution of ϕ. Here we show the relation ξ = λn/(1 + b) for the four values of ξ given in Table 1. The values of ξ × 10^6 = 5.8, 22, 310, and 1900 are shown by the dashed, solid, dotdashed, and dotted lines respectively. As one can see, when n <∼ 10^{−3}, the BBN constraint effectively disappears. At the same time, the choice of ξ ∼ 10^{−4} and n > 10^{−3} is clearly forbidden by the BBN constraint. Given this constraint on n, we can see that only very shallow exponential profiles of B_F (ϕ) are allowed.

5 Coupled quintessence

In this section, we investigate changes to the cosmological evolution of the scalar field that can be induced by a non-trivial function B_m(ϕ). The case of the so-called “coupled quintessence” has been addressed in the literature already [38], but was specialized to the particular case of an exponential potential with a linear coupling to matter.

The function B_m(ϕ) expresses the ϕ dependence of the mass of any non-relativistic particle, including dark matter particles. It is clear that if this mass experiences significant changes during the evolution of the Universe, the scaling of the matter energy density will differ from a^{−3}, while the number density of dark matter particles n will continue to scale as a^{−3}. The cosmological evolution of ϕ also changes, because ϕ is driven by an effective potential that now consists of two parts,

V (ϕ)_{eff} = V (ϕ) + ρ_m(ϕ) = V (ϕ) + B_m(ϕ)n. (5.1)

It is not possible to say a priori which term is more important for the cosmological evolution of ϕ.

If B_m(ϕ) coincides with B_F (ϕ), we can use the insight gained from the previous section to conclude that B_m(ϕ) would provide no significant change on the cosmology from z = 0 to z_{CM B}. This is because the Δα/α constraints can be re-interpreted as a very tight bounds on n_F and b_F , and as a consequence on n_m and b_m. However, B_m(ϕ) and B_F (ϕ) need not be the same. In fact, in simplest models (for example in the Brans-Dicke model, or string-inspired models with a modulus field ϕ), these functions typically are different. In the rest of this section, we assume that B_m(ϕ) and B_F (ϕ) and not related and investigate possible constraints on n_m and b_m.

For definiteness we choose b_m = 1, and then B_m(ϕ) = (V (ϕ))^{nm} , according to our parametrization. If we choose n_m > 0, the effect of B_m(ϕ) causes ρ_m scale faster than a^{−3}. In fact, if the dynamics of the scalar field is driven mostly by V (ϕ) in the radiation dominated epoch, we can derive a simple upper bound on n_m. Indeed, according to (2.15), the scaling of V (ϕ) in the radiation-dominated regime is a^{−4}. Then it is clear that B_m(ϕ) ∼ V (ϕ)^{1/4} would lead to B_m scaling as a^{−1}, which also means that ρ_m ∼ a^{−4}. Thus, n_m < 1/4, since for n_m ≥ 1/4 the dark matter energy density would be redshifted in the same way or even faster than radiation. This would for example, greatly increase the energy density of dark matter during BBN. Therefore, n_m ≤ 0.25. In fact if we argue that the energy density in matter should not contribute more than the energy density in radiation at BBN, we can obtain a slightly stronger bound. For simplicity, let us take the ratio of matter to radiation, r, today to be 10^4 (a more accurate number would be ∼ 5500). Then at the time of BBN, the ratio would be r_{BBN} ∼ r_0a^{(1−4n)}_{BBN} (5.2) For r_{BBN} <∼ 1, r_0 ∼ 10^4, and a_{BBN} ∼ 10^{−10}, we have n <∼ 6/40.

In Fig. 7 we show the changes in the cosmological evolution of the scalar field, matter and radiation that result from choosing n_m = 0.1. As one can see, there are several important differences from the uncoupled case. Because of the change in the mass of the dark matter (as described above), matter domination occurs somewhat earlier. In this case, matter domination starts at x ≃ −9.6 or at z ≃ 15000 and ends at x ≃ −0.33 corresponding to z ≃ 0.4. Perhaps the most dramatic difference is seen in the evolution of the EOS parameter

Figure 7: a) The evolution of different components of the energy density as a function of x for the case of n_m = 0.1 and b_m = 1, b) The evolution of ϕ under the same conditions.

ω_ϕ. Instead of falling from the tracking value of 1/3 towards -1, as in the uncoupled case, here we see that ω_ϕ increases towards +1, before ultimately dropping to −1 at later times. This is due to the fact that when the matter density increases, the effect on the potential V (ϕ)_{eff} given in Eq. (5.1) drives the evolution of ϕ faster. The field begins to quickly roll and the energy density in ϕ becomes dominated by kinetic rather than potential energy. The evolution of ϕ is shown in Fig. 7b. As one can see, around x ∼ −10, ϕ begins to change rapidly. Hence ω_ϕ ≈ 1. (This is also the reason for the curious bump in Ω_ϕ seen in Fig. 7a.) However, ultimately ϕ approaches and settles at the minimum of the potential. At that time, ω_ϕ quickly moves towards -1 and the Universe becomes dominated by the dark energy.

Finally we comment on the effect of the coupling to matter on the variation of α. The evolution of Δα is shown in Fig. 8 using the potential (3.4) with λ = 5. One should note that because of the matter coupling, the field ϕ has moved quickly and at the present time has already passed the minimum twice for our choice of parameters. At late times (z < 3), the field is significantly closer to the minimum relative to the uncoupled case. As a result, the normalization using the QSO measurements results in significantly larger couplings, ζ and/or ξ. As one can see from the figure and Table 2, despite the fact that the field is closer to the minimum, the constraints from Oklo and the meteoritic abundances are in fact more severe. Only the results based on the normalization using Δα/α = 0.06 × 10^{−5} are compatible with these constraints. Similarly the differential acceleration is predicted to be much larger in this case, but the equivalence principle constraints are still satisfied.

In contrast, because the field has nearly settled to its minimum, ϕ̇ and hence α̇ is much smaller than in the uncoupled case.

One can also determine the bounds on n_F and b_F for this model. The late-time evolution constraint is very similar to, but slightly weaker than the result shown in Fig. 6 for the exp(λϕ^2/2) case. The early-time evolution constraint is weaker than all of the cases shown in Fig. 6 and does not exclude any region of the b − n plane which is not already excluded by the late-time constraint.

Table 2: As in Table 1 for the coupled case with B_m ≠ 0, and b_m = 1 and n_m = 0.1. V (ϕ) V_0 ( Δα α )_3 (^{Δα}_α )_{1.5} ξ ζ (^{Δα}_α )_{0.14} (^{Δα}_α )_{0.45}^{α̇} (yr^{−1})^{Δg}_g exp(λϕ^2/2) −5.4 −5.7 0 −150 −0.85 −1.3 0.38 −1000 −5.4 −7.4 40000 0 2.5 2.6 −0.034 −13000 −0.56 −0.6 0 −16 −0.089 −0.14 0.039 −11 −0.44 −0.6 3200 0 0.20 0.21 −0.0027 −88

6 Conclusions

We have analyzed the cosmological evolution of the scalar field driven by its self-interaction potential, V (ϕ), and its possible couplings to matter, B_m(ϕ). Following an original Damour- Polyakov hypothesis, we assumed a common extremum for the functions V (ϕ) and B_m(ϕ) so that the evolution of the scalar field is driven towards that extremum, chosen here to be at ϕ = 0. With our choices of potentials, the evolution of the scalar field occurred in the tracking regime throughout the radiation dominated epoch. For definiteness we chose two potentials that ensure tracking and have a minimum, V (ϕ) = V_0 exp(λϕ^2/2) and V (ϕ) = cosh(λϕ).

We have seen that the coupling of the scalar field to the electromagnetic field is severely restricted by the late-time evolution of the field due to limits obtained from spectral measurements of quasar absorption systems, the Oklo phenomenon and meteoritic data. Models with quadratic couplings of the scalar field to radiation are typically more sensitive to the quasar absorption spectra- derived constraints than to the Oklo bound. The late-time evolution of the scalar field can be very nonlinear, and Δα/α can naturally be close to zero at certain redshifts, while having significant deviations over a range of the redshifts. Thus the experimental results, Refs. [21] and [22], claiming a non-zero result over a range of redshifts

Figure 8: As in Fig. 4 for the potential (3.4) with λ = 5. In this case, B_m ≠ 0, and we have chosen n_m = 0.1 and b_m = 1.

0.5 − 3 and zero result at z = 1.5, do not have to be viewed as contradictory. We also find that the early-time evolution of the field severely constrains the form of the coupling B_F (ϕ) with respect to its relation to V (ϕ), due to BBN constraints on Δα/α. The constraints coming from BBN are complementary to those from the late-time change in α.

Finally we have considered the case where the quintessence field is coupled to matter. Once again, BBN restricts the relationship between B and V due to the altered scaling of the matter energy density with the scale factor. Unlike the uncoupled case, the Universe briefly enters a period where the equation of state for quintessence is very stiff, before it evolves to a more standard dark energy EOS with ω_ϕ ≈ −1. In order to have a O(10^{−5} − 10^{−6}) relative change of α at redshifts z ∼ 1, these models typically require larger values of coupling between the scalar field and electromagnetic radiation.

References

[1] A. G. Riess et al. [Supernova Search Team Collaboration], Astron. J. 116 (1998) 1009 [arXiv:astro-ph/9805201]; S. Perlmutter et al. [Supernova Cosmology Project Collaboration], Astrophys. J. 517 (1999) 565 [arXiv:astro-ph/9812133]; N. A. Bahcall, J. P. Ostriker, S. Perlmutter and P. J. Steinhardt, Science 284 (1999) 1481 [arXiv:astroph/9906463].

[2] B. Ratra, P.J.E. Peebles, Phys. Rev. D 37, 3406 (1988); Ap. J. Lett 325, 117 (1988); C.

Wetterich, Nucl. Phys. B 302, 668 (1988); R.R. Caldwell, R. Dave and P.J. Steinhardt, Phys. Rev. Lett 80, 1582 (1998) [astro-ph/9708069].

[3] P.G. Ferreira and M. Joyce, Phys. Rev. D 58, 023503 (1998) [astro-ph/9711102].

[4] P.J.Steinhardt, L. Wang and I. Zlatev, Phys. Rev. D 59, 123504 (1999) [astroph/9812313]; P.J. Steinhardt, in Critical Problems in Physics, edited by V.L. Fitch and D.R. Marlow (Princeton University Press, Princeton, NJ, 1997).

[5] I. Zlatev, L. Wang and P. Steinhardt, Phys. Rev. Lett 82 896 (1999) [astroph/9807002]; I. Zlatev and P. Steinhardt, Phys. Lett B 459 570 (1999) [astroph/9906481].

[6] P. Binetruy, Phys. Rev. D 60, 063502 (1999) [hep-ph/9810553].

[7] P. Brax and J. Martin, Phys. Lett. B 468, 40 (1999) [astro-ph/9905040]; Phys. Rev.

D 61, 103502 (2000) [astro-ph/9912046].

[8] A. Albrecht and C. Skordis, Phys. Rev. Lett 84, 2076 (2000) [astro-ph/9908085].

[9] V. Sahni and L. Wang, Phys. Rev. D 62, 103517 (2000) [astro-ph/9910097]. [10] A. Hebecker and C. Wetterich, Phys. Lett. B 497, 281 (2001) [hep-ph/0008205]. [11] S.C.C. Ng, N.J. Nunes and F. Rosati, Phys. Rev. D 64, 083510 (2001) [astroph/0107321].

[12] C. Wetterich, JCAP 0310 (2003) 002 [arXiv:hep-ph/0203266]. [13] W. Lee and K. W. Ng, Phys. Rev. D 67 (2003) 107302 [arXiv:astro-ph/0209093]. [14] T. Chiba and K. Kohri, Prog. Theor. Phys. 107 (2002) 631 [arXiv:hep-ph/0111086]. [15] C. Wetterich, Phys. Lett. B 561, 10 (2003) [hep-ph/0301261]; [hep-ph/0302116]. [16] L. Anchordoqui and H. Goldberg, Phys. Rev. D 68, 083513 (2003) [arXiv:hepph/0306084].

[17] E. J. Copeland, N. J. Nunes and M. Pospelov, Phys. Rev. D 69, 023501 (2004) [arXiv:hep-ph/0307299].

[18] P. Caresia, S. Matarrese and L. Moscardini, Astrophys. J. 605, 21 (2004) [arXiv:astroph/0308147].

[19] M. Peloso and E. Poppitz, Phys. Rev. D 68 (2003) 125009 [arXiv:hep-ph/0307379]. [20] M. Byrne and C. Kolda, arXiv:hep-ph/0402075.

[21] J. K. Webb et al., Phys. Rev. Lett. 87, 091301 (2001) [arXiv:astro-ph/0012539];

M. T. Murphy, J. K. Webb and V. V. Flambaum, Mon. Not. Roy. Astron. Soc. 345, 609 (2003) [arXiv:astro-ph/0306483].

[22] H. Chand, R. Srianand, P. Petitjean and B. Aracil, Astron. Astrophys. 417, 853 (2004) [arXiv:astro-ph/0401094]; R. Srianand, H. Chand, P. Petitjean and B. Aracil, Phys. Rev. Lett. 92, 121302 (2004) [arXiv:astro-ph/0402177].

[23] T. Ashenfelter, G. J. Mathews and K. A. Olive, Phys. Rev. Lett. 92, 041102 (2004) [arXiv:astro-ph/0309197]; T. P. Ashenfelter, G. J. Mathews and K. A. Olive, arXiv:astro-ph/0404257.

[24] For a review see: J. P. Uzan, Rev. Mod. Phys. 75 (2003) 403 [arXiv:hep-ph/0205340]. [25] A. I. Shlyakhter, Nature 264 (1976) 340; T. Damour and F. Dyson, Nucl. Phys. B 480, 37 (1996) [arXiv:hep-ph/9606486]; Y. Fujii et al., Nucl. Phys. B 573, 377 (2000) [arXiv:hep-ph/9809549].

[26] K. A. Olive, M. Pospelov, Y. Z. Qian, A. Coc, M. Casse and E. Vangioni-Flam, Phys. Rev. D 66, 045022 (2002) [arXiv:hep-ph/0205269]. K. A. Olive, M. Pospelov, Y. Z. Qian, G. Manhes, E. Vangioni-Flam, A. Coc and M. Casse, Phys. Rev. D 69, 027701 (2004) [arXiv:astro-ph/0309252].

[27] Y. Fujii and A. Iwamoto, Phys. Rev. Lett. 91, 261101 (2003) [arXiv:hep-ph/0309087]. [28] S. K. Lamoreaux, arXiv:nucl-th/0309048. [29] J. D. Bekenstein, Phys. Rev. D 25 (1982) 1527.

[30] T. Damour, G. W. Gibbons and C. Gundlach, Phys. Rev. Lett. 64, 123 (1990). [31] M. Livio and M. Stiavelli, Ap. J. Lett. 507 (1998) L13 [arXiv:astro-ph/9808291]. [32] S. J. Landau and H. Vucetich, S. J. Landau and H. Vucetich, Astrophys. J. 570, 463 (2002) [arXiv:astro-ph/0005316].

[33] H. B. Sandvik, J. D. Barrow and J. Magueijo, Phys. Rev. Lett. 88, 031302 (2002) [arXiv:astro-ph/0107512]; J. D. Barrow, H. B. Sandvik and J. Magueijo, Phys. Rev. D 65, 063504 (2002) [arXiv:astro-ph/0109414]; J. D. Barrow, J. Magueijo and H. B. Sandvik, Phys. Lett. B 541, 201 (2002) [arXiv:astro-ph/0204357].

[34] G. R. Dvali and M. Zaldarriaga, Phys. Rev. Lett. 88, 091303 (2002) [arXiv:hepph/0108217].

[35] K. A. Olive and M. Pospelov, Phys. Rev. D 65, 085044 (2002) [arXiv:hep-ph/0110377]. [36] T. Damour and K. Nordtvedt, Phys. Rev. Lett. 70, 2217 (1993); T. Damour and K. Nordtvedt, Phys. Rev. D 48, 3436 (1993).

[37] T. Damour and A.M. Polyakov, Nucl. Phys. B 423, 532 (1994) [hep-th/9401069]; Gen.

Rel. Grav 26, 1171 (1994) [gr-qc/9411069].

[38] L. Amendola, Phys. Rev. D 60, 043501 (1999) [arXiv:astro-ph/9904120]; L. Amendola, Phys. Rev. D 62, 043511 (2000) [arXiv:astro-ph/9908023].

[39] D. J. Holden and D. Wands, Phys. Rev. D 61, 043506 (2000) [arXiv:gr-qc/9908026]. [40] C. L. Bennett et al., Astrophys. J. Suppl. 148 (2003) 1 [arXiv:astro-ph/0302207];

D. N. Spergel et al., Astrophys. J. Suppl. 148 (2003) 175 [arXiv:astro-ph/0302209]. [41] S. Perlmutter, M.S. Turner and M. White, Phys. Rev. Lett 83, 670 (1999) [astroph/9901052].

[42] B. A. Campbell and K. A. Olive, Phys. Lett. B 345, 429 (1995) [arXiv:hepph/9411272].

[43] V.V. Dixit and M. Sher, Phys. Rev. D37 (1988) 1097; P. Langacker, G. Segre and M. J. Strassler, Phys. Lett. B 528, 121 (2002) [arXiv:hep-ph/0112233]; T. Dent and M. Fairbairn, Nucl. Phys. B 653 (2003) 256 [arXiv:hep-ph/0112279]; X. Calmet and H. Fritzsch, Eur. Phys. J. C 24 (2002) 639 [arXiv:hep-ph/0112110]; X. Calmet and H. Fritzsch, Phys. Lett. B 540 (2002) 173 [arXiv:hep-ph/0204258]; T. Damour, F. Piazza and G. Veneziano, Phys. Rev. Lett. 89 (2002) 081601 [arXiv:gr-qc/0204094]; T. Damour, F. Piazza and G. Veneziano, Phys. Rev. D 66 (2002) 046007 [arXiv:hepth/0205111].

[44] K. Ichikawa and M. Kawasaki, Phys. Rev. D 65, 123511 (2002) [arXiv:hepph/0203006]; C. M. Mueller, G. Schaefer and C. Wetterich, arXiv:astro-ph/0405373.

[45] M. Fischer et al., physics/0312086 (2003).

[46] J.O. Dickey et al., Science 265 (1994) 482;

J.G. Williams et al., Phys. Rev. D53 (1996) 6730; T. Damour, arXiv:gr-qc/0109063.

[47] G. Rocha, R. Trotta, C. J. A. Martins, A. Melchiorri, P. P. Avelino and P. T. P. Viana, New Astron. Rev. 47, 863 (2003) [arXiv:astro-ph/0309205].

[48] E. W. Kolb, M. J. Perry and T. P. Walker, Phys. Rev. D 33, 869 (1986); R. J. Scherrer and D. N. Spergel, Phys. Rev. D 47, 4774 (1993); L. Bergstrom, S. Iguri and H. Rubinstein, Phys. Rev. D 60, 045005 (1999) [arXiv:astro-ph/9902157]; K. M. Nollett and R. E. Lopez, Phys. Rev. D 66 (2002) 063507 [arXiv:astro-ph/0204325].

[49] R.H. Cyburt, B.D. Fields, and K.A. Olive, in preparation.

[50] K.A. Olive and E.D. Skillman, astro-ph/0405588.