arXiv:astro-ph/0501515 v2 18 May 2005

DFPD–05/TH/07

Cosmological evolution of Alpha driven by a general coupling with Quintessence

Valerio Marra, Francesca Rosati‡

Dipartimento di Fisica “Galileo Galilei” and INFN Università di Padova, via Marzolo 8, I-35126 Padova, Italy

Abstract. A general model for the cosmological evolution of the fine structure constant α driven by a typical Quintessence scenario is presented. We consider a coupling between the Quintessence scalar ϕ and the electromagnetic kinetic term F_{μν}F^{μν} , given by a general function B_F (ϕ). We study the dependence of the cosmological Δα(t) upon the functional form of B_F (ϕ) and discuss the constraints imposed by the data. We find that different cosmological histories for Δα(t) are possible within the avaliable constraints. We also find that Quasar absorption spectra evidence for a time variation of α, if confirmed, is not incompatible with Oklo and meteorites limits.

‡ Contact e-mail: francesca.rosati@pd.infn.it, valerio.marra@pd.infn.it

1. Introduction

Over the last few years there has been increasing interest in the possibility of varying the fundamental constants over cosmological time-scales. This has a twofold motivation. On one side, several observations point towards the existence of a smooth dark energy component in the universe, which could be modeled via a dynamical scalar field (Quintessence) [1]. In general, we expect such a cosmological scalar to couple with some, if not all, the terms in the matter-radiation Lagrangian, thus inducing a time variation of physical masses and couplings. On the other side, recent improved measurements on possible variations of the fundamental constants are opening up the possibility of testing the theoretical models to a good degree of precision over a wide range of cosmological epochs. It should also be mentioned that, although controversial, some evidence of time variation of the fine structure constant α in Quasar absorption spectra was recently reported [2, 3]. The cosmological variation of fundamental constants induced by couplings with the Quintessence scalar is then worth studying in order to see if such a field could be responsible for a measurable effect.

Among all the possibilities, the time-variation of the fine-structure constant is the simplest to study both from the theoretical and experimental points of view. In this paper we will then restrict ourselves to this issue. The theoretical study of a time-varying fine structure constant dates back to 1982 when Beckenstein [4] first considered the possibility of introducing a linear coupling between a scalar field and the electromagnetic field. More recently the Beckenstein model has been revived, generalized and confronted with updated experimental limits [5, 6, 7, 8]. The concrete case of the Quintessence scalar has been considered too [9, 10, 11, 12]. However, as we will see, most authors restrict their study to the simplest case of a linear or quadratic coupling. The possibility of reconstructing the dark energy equation of state from a measure of α-variation has also been proposed in the literature [13].

In this paper we will discuss a general model for the variation of the fine structure constant α driven by a typical Quintessence scenario. After briefly reviewing the most recent observational and experimental constraints on the variation of α, we will go on to construct the theoretical framework. In particular we will consider the case of a general coupling B_F (ϕ) (see Eq. (23) below) which includes several classes of possible functions. In this way we will be able to study the dependence of the cosmological variation of alpha, Δα(t), upon the functional form of B_F (ϕ) and discuss the constraints imposed by present data. We will find that different cosmological histories for Δα(t) are possible within the avaliable constraints. We will also find that, Webb et al. data [2, 3], if confirmed, are not incompatible with Oklo and meteorites constraints [15, 20].

2. Overview of the constraints

Comprehensive reviews about the theoretical and experimental issues connected to the time variation of fundamental constants can be found in Refs. [14], [15] and [16]. In the following we summarize the avaliable constraints on the time variation of α, expressed as functions of the redshift z (see also Fig. 1): Δα(z) α ≡ α(z) − α_0 α_0 (1) where α_0 = α(0) is the value measured today.

(1) The most ancient data come from Big Bang Nuclesynthesis (BBN) and give [18, 19]: | | | | Δα α | | | | <∼ 10^{−2} z = 10^{10} − 10^8 . (2)

(2) More recently we have the limit coming from the power spectrum of anisotropies in the Cosmic Microwave Background (CMB) [19]: | | | | Δα α | | | | < 10^{−2} z = 10^3 . (3)

(3) From absorption spectra of distant Quasars there are more controversial data. Webb and Murphy’s groups combined data [2, 3] report a 4 σ evidence for α variation: Δα/α = (−0.543±0.116)·10^{−5} on a cosmological time span between z = 0.2 and z = 3.7. This result has not been confirmed by other groups. For example, Chand et al. [17] give: Δα/α = (−0.06 ± 0.06) · 10^{−5} for z = 2.3 − 0.4 and Δα/α = (0.15 ± 0.43) · 10^{−5} for z = 2.92 − 1.59. We have chosen to be conservative and will consider a limit based on the last two results, which is consistent with zero variation: | | | Δα α | | | <∼ 10^{−6} z = 3 − 0.4 . (4)

(4) From the analysis of the ratio Re/Os in meteorites dating around 4.56 billion years ago it is possible to compute^{187}Re half-life, which gives [15]: | | | Δα α | | | <∼ 10^{−7} z = 0.45 . (5)

(5) From the Oklo natural nuclear reactor that operated 2 billion years ago in Gabon, we also have [15, 20]: | | | Δα α | | | <∼ 10^{−7} z = 0.14 . (6)

(6) We then have limits coming from laboratory measurments which constrain the present rate of change of α. Comparing atomic clocks, which use different transitions and atoms, what is obtained is [21]: | | | | α̇ α | | | | <∼ 10^{−15} yr^{−1} z = 0 (7)

where the dot represents differentiation w.r.t. cosmic time.

(7) In addition to the limits discussed above, there is a constraint coming from indirect violation of the Weak Equivalence Principle (WEP), parametrized by the Eötvös ratio

η = 2

|a_1 − a_2| |a_1 + a_2| (8)

Figure 1. The experimental constraints (1)-(6) discussed above are summarized in the picture: log |Δα/α| is plotted as a function of the redshift z. On the right-hand side we zoom on z <∼ 10. The grey areas are those excluded by present data.

where a_1 e a_2 are the accelerations of two different test bodies in the Earth gravitational field. These constraints come from the fact that nucleon masses get electromagnetic corrections from quark-quark interactions. As extensively discussed in [22], the leading term of the electromagnetic contribution comes from the electrostatic energy of the quark distribution, which is proportional to α. The corrected masses, to leading order in α, can then be written as [11, 22]: m_p = m + α B_p m_n = m + α B_n (9)

where p, n stand for proton and neutron and B_p ≡ 0.63MeV/α_0, B_n ≡ −0.13MeV/α_0. If we suppose that α = α(ϕ), then we will induce a ϕ-dependence on the nucleon masses: δm_n = B_nδα ; δm_p = B_pδα . (10)

If we define

g_i = ∂m_i ∂ϕ = ∂α ∂ϕ B_i (11)

we get an indirect violation of the equivalence principle induced by the ‘fifth-force’ mediated by the scalar field η ≃ M^2_{P l} 4πm̄^2 ( R^E_n g_n + R^E_p g_p ) (ΔR_ng_n + ΔR_pg_p) (12)

where: R^E_i ≡ n^E_i n^E_n + n^E_p ≃ 0.5 ΔR_i ≡ |n_{i, 1} − n_{i, 2}| n_n + n_p

≃ 0.06 − 0.1 , (13)

and m̄ ≃ 931 MeV is the atomic mass unit. The suffix E refers to the Earth, while 1 and 2 refer to two test bodies having equal mass but different composition. From Eqs. (11)-(12) we see that any model of α-variation will induce a characteristic g_{p,n} ≠ 0 and hence WEP violation: while the first two factors in Eq. (12) are universal and depend on the Earth composition, the third term is not zero if and only if g_{p,n} ≠ 0 and the test bodies have different composition in neutrons and protons. The current limits on WEP violations impose [23]:

η < 10^{−13} . (14)

3. The theoretical framework

Following Olive et al. [6], the most generic action involving a scalar field, the Standard Model fields and an hypothetical Dark Matter particle χ, can be written as S = 1 16πG ∫ d^4x √ −g R + ∫ d^4x √ −g [1 2 ∂^μϕ∂_μϕ − V (ϕ) ]

− 1 4 ∫ d^4x √ −g B_F (ϕ)F_{μν} F^{μν} − 1 4 ∫ d^4x √ −g B_{Fi} (ϕ)F^{(i)}_{μν} F^{(i)μν} + ∫ d^4x √ −g ∑ j [ ψ̄_j D/ψ_j + iB_j (ϕ)m_jψ̄_j ψ_j ]

+ ∫ d^4x √ −g [ χ̄∂/χ − B_χ(ϕ)m_χχ^T χ ] (15)

where D/ = γ_μD^μ and for the electromagnetic term, for example, D^μ = ∂_μ − ie_0A_μ. The index i = 1, 2, 3 refers to the SU(3) gauge group of the Standard Model and j runs over the various matter fields.

The form of the action (15) follows from supplying ϕ-dependent factors to all mass and kinetic terms to the standard Lagrangian (which would have all B_i = 1). In general we would expect that all of the B_i(ϕ)’s are switched on, if not forbidden by any symmetry principle. However, the theoretical treatment of the full Lagrangian is very cumbersome and so the coupling functions B_i(ϕ) are usually switched on one at a time. In this way one can also disentangle the effects due to each single term. In this paper we want to focus on the fine-structure constant α, and so we will keep only B_F (ϕ) ≠ 1 and set all the other functions equal to 1.

The relevant part of the action for the effect we are going to study is then S = 1 16πG ∫ d^4x √ −g R + ∫ d^4x √ −g [1 2 ∂^μϕ∂_μϕ − V (ϕ) ]

− 1 4 ∫ d^4x √ −g B_F (ϕ)F_{μν} F^{μν} (16)

which allows to define an “effective” fine structure constant α(t) = α_0 B_F (ϕ(t))

(17)

where α_0 is the value measured today. From (17) we obtain the relative variation relevant for each cosmological epoch Δα α ≡ α(t) − α_0 α_0 = 1 − B_F (ϕ(t)) B_F (ϕ(t))

(18)

It can immediately be seen that, depending on the cosmological evolution of ϕ(t) and on the functional form of B_F (ϕ), the fine structure constant α could in principle have had many possible histories during the life-time of the universe. What possibilities are allowed by a general coupling B_F (ϕ) within the avaliable observational constraints is then worth studying.

The relevant equations governing the cosmological evolution in a flat universe are the following ä a = − 4π 3M^2_p ∑ i (1 + 3w_i)ρ_i (19)

H^2 ≡ (ȧ a )_2 = 8π 3M^2_p ∑ ρ_i (20) ϕ̈ + 3Hϕ̇ + dV dϕ = 0 (21)

where i = m, r, ϕ runs over the matter (including dark matter), radiation and scalar components. The relevant equations of state are w_m = 0 for matter, w_r = 1/3 for radiation and w_ϕ as defined in Eq. (22). It is important to note that the evolution equation of the Quintessence scalar (21) does not depend on B_F or its derivatives. This is due to the fact that the statistical average of the term F^{μν} F_{μν} over a current state of the universe is zero. So the only term that drives ϕ during the cosmological evolution is the potential V (ϕ).

Since we are working under the hypothesis that the scalar field ϕ in Eq. (21) is the Quintessence scalar, we should also impose the additional constraints coming from Quintessence phenomenology. In particular we choose a runaway potential which goes to zero as far as the field ϕ rolls to infinity, in accordance with the observational data. It is also required that the scalar dynamics gives the correct value for the equation of state

w_ϕ = ϕ̇2/2 − V (ϕ) ϕ̇2/2 + V (ϕ) (

<∼ −0.7 today) (22)

The most general form for the Quintessence potential involves a combination of a powerlaw and exponential terms [24]. For the purpose of this paper, however, we will consider the simplest case of an inverse power-law potential V (ϕ) = M^{4+n}ϕ^{−n}, which gives a late-time attractor equation of state w_ϕ = −2/(n + 2) during matter domination [25]. The potential should also be normalized in order to give the correct energy density today (ρ^0_ϕ ≃ V (ϕ) ≃ 2/3 ρ^0_c ): this sets the mass scale M. In what follows we will choose n = 1 in the potential in order to have the correct attractor equation of state, and so obtain M ≃^5 √ 2/3 ρ^0_c M_p.

We have checked that choosing different Quintessence potentials gives a subdominant effect on the cosmological variation of α, with respect to changing the coupling function B_F (ϕ). In what follows we will then fix V (ϕ) = M^5/ϕ and study the effect of different B_F (ϕ)’s. An interesting study, which is complementary to what is done here, is that of Ref. [9] where the effect induced by different Quintessence models on the cosmological Δα is examined in detail, while keeping the function B_F (ϕ) fixed.

In order to be as general as possible we will consider a function B_F (ϕ) which is a combination of different possible behaviors and characterized by a set of four parameters that are allowed to vary freely:

B_F (ϕ) = ( ϕ ϕ_0 )_ϵ [1 − ζ(ϕ − ϕ_0)^q] e^{τ (ϕ−ϕ0)} . (23)

This choice is not motivated by a specific theoretical model, but is rather a working tool for obtaining different functional forms of B_F (ϕ) and thus cosmological histories of α, according to Eq. (18). We have chosen a combination of functions (power-law, polynomial, exponential) that can be switched on and off at will (depending on the values of the parameters ϵ, ζ, τ and q), thus giving rise to a variety of possibile B_F (ϕ)’s. In this way we can carry on a unified discussion of a number of different models of α variation.

Figure 2. Evolution of the energy densities (left) and scalar equation of state (right) for a quintessence model with potential V = 1/ϕ and initial conditions ρ^{in}_ϕ /ρ^0_c = 10^{30} at z = 10^{10}. The dot-dashed line represents the energy density of radiation, the dotted line the energy density of matter, the green dashed line the energy density of quintessence and the red solid line the attractor. All of the energy densities are expressed in units of the present critical energy density ρ^0_c .

4. Cosmic evolution of α

We have numerically solved the cosmological equations (19)-(21) and then plotted the resulting cosmological history of Δα for various classes of functional forms of B_F (ϕ), according to Eq. (18). As already mentioned, for illustrative purposes we have chosen a scalar potential V = 1/ϕ and initial conditions ρ^{in}_ϕ /ρ^0_c = 10^{30} at z = 10^{10}. Fig. 2 shows the corresponding evolution of the energy densities and of the scalar equation of state parameter.

Linear coupling

The simplest case is given by the choice ϵ = τ = 0 and q = 1 for the parameters in Eq. (23):

B_F (ϕ) = 1 − ζ(ϕ − ϕ_0) (24)

This case corresponds to the original Beckenstein proposal [4], which however did not supply a potential to the scalar field§. Copeland et al. [9] give a comprehensive discussion on various Quintessence models linearly coupled to the electromagnetic field, but assuming Webb et al. data [2, 3] to be correct and imposing on Δα(t) to agree with that measure.

In our case, the resulting Δα, as defined in Eq. (18), is plotted in Fig. 3. We tried a number of different values for ζ, in order to verify in which cases all the available experimental constraints were simultaneously satisfied. We found that they are all respected for ζ ≤ 0.6 · 10^{−6}. With this choice, the constraints on the violation of equivalence principle and the constraints derived from atomic clocks are automatically satisfied:

η ≃ 4 · 10^{−21} ≪ 10^{−13} | | | | α̇ α_0 | | | | = 4 · 10^{−17} ≪ 10^{−15} yr^{−1} (25)

Figure 3. The logarithm of |Δα/α| is plotted as a function of Log(z + 1) for B_F (ϕ) = 1 − ζ(ϕ − ϕ_0) with ζ = 0.6 · 10^{−5} (dotted line), ζ = 0.6 · 10^{−6} (solid line) and ζ = 0.6 · 10^{−7} (dashed line). On the right-hand side we zoom on z <∼ 10. Only the curves not overlapping the grey areas are phenomenologically viable.

Polynomial coupling

A slightly more complicated case is given by the choice ϵ = τ = 0, allowing the exponent q to be > 1:

B_F (ϕ) = 1 − ζ(ϕ − ϕ_0)^q (26)

The case of a quadratic coupling (q = 2) was considered in Ref. [10], but with the additional assumption of a proportionality relation between B_F (ϕ) and V (ϕ).

We have found that the data do not impose any upper limit on the exponent q and that increasing q makes it possible to reduce the fine-tuning in ζ. For example, choosing ζ = 10^{−4} the experimental limits are respected for q = 6 and the constraints

§ To be precise, Beckenstein actually invoked an exponential coupling, which however is practically equivalent to eq.(24) due to the smallness of ζϕ.

on the violation of equivalence principle and the constraints derived from atomic clocks satisfied by many orders of magnitude. In Fig. 4 we plot Log |Δα/α| for ζ = 10^{−4} with q = 3, 6 and 9, as function of red-shift.

Figure 4. The logarithm of |Δα/α| is plotted as a function of Log(z + 1) for B_F (ϕ) = 1 − ζ(ϕ − ϕ_0)^q with ζ = 10^{−4} and q = 3 (dotted line), q = 6 (solid line) and q = 9 (dashed line). On the right-hand side we zoom on z <∼ 10. Only the curves not overlapping the grey areas are phenomenologically viable.

As already mentioned, increasing the exponent q we can do even better. For example, with q = 17 the experimental constraints are satisfied even for ζ = 1, as illustrated in Fig. 5. It should be emphasized that among all the possibilities considered in this paper, this choice of the parameters appears to be the most natural of all. A notable feature is also the fact that the value of Δα is enhanced in the past, with respect to the other cases, becoming closer to the observational limits, while falling off very steeply in recent times.

Figure 5. The logarithm of |Δα/α| is plotted as a function of Log(z + 1) for B_F (ϕ) = 1 − ζ(ϕ − ϕ_0)^q with ζ = 1 and q = 17 (solid line). On the right-hand side we zoom on z <∼ 10. Note that all the experimental limits are satisfied without any fine–tuning in the parameters of the function B_F (ϕ).

Power–law coupling

With the choice ζ = τ = 0 we obtain the following coupling function:

B_F (ϕ) = ( ϕ ϕ_0 )_ϵ . (27)

In this case, it is necessary to fine-tune the exponent ϵ in order to satisfy the data, due to the smallness of ϕ in the early universe. Keeping ϵ of order one would violate even the constraints from BBN. We found that the experimental limits are respected for |ϵ| ≤ 4 · 10^{−7}. In Fig. 6 we plot Log |Δα/α| as a function of red-shift for different choices of ϵ. Note that the sign of Δα depends on the sign of ϵ. With the choice ϵ = 4 · 10^{−7}, the constraints on the violation of equivalence principle and the constraints derived from atomic clocks are automatically satisfied:

η ≃ 4 · 10^{−21} ≪ 10^{−13} | | | | α̇ α_0 | | | | = 4 · 10^{−17} ≪ 10^{−15} yr^{−1} (28)

Such a small exponent might look quite unnatural, however Eq. (27) for ϵ ≪ 1 is equivalent to:

B_F (ϕ) = 1 + ϵ ln ( ϕ ϕ_0 ) . (29)

In this way the fine tuning is moved from the exponent to the coefficient.

Figure 6. The logarithm of |Δα/α| is plotted as a function of Log(z + 1) for B_F (ϕ) = (_ϕ ϕ_0 )_ϵ with ϵ = 4 · 10^{−6} (dotted line), ϵ = 4 · 10^{−7} (solid line) and ϵ = 4 · 10^{−8} (dashed line). On the right-hand side we zoom on z <∼ 10. Only the curves not overlapping the grey areas are phenomenologically viable.

Exponential coupling

The choice ϵ = ζ = 0 of the parameters in (23) gives:

B_F (ϕ) = e^{−τ (ϕ−ϕ0)} . (30) In this case, if τ >∼ 1 it is not possible to satisfy all the constraints at the same time. Depending on the sign of τ , the resulting |Δα/α| becomes too large in the early or late universe. For τ ≪ 1, instead, the coupling function becomes equivalent to the linear case: B_F (ϕ) = e^{−τ (ϕ−ϕ0)} ≃ 1 − τ (ϕ − ϕ_0).

Linear and power–law coupling combined

Now let’s consider two factors in (23) with q = 1 and τ = 0.

B_F (ϕ) = ( ϕ ϕ_0 )_ϵ (1 − ζ (ϕ − ϕ_0)) . (31)

For an arbitrary choice of ζ and ϵ, the resulting Δα is similar to the linear coupling or power–law coupling case, depending on which factor dominates. It is instead interesting to consider the case ζ = γϵ in which the two factors are of the same order of magnitude. If γ > 0, the two factors can contribute in an opposite way and it is easy to obtain Δα ≃ 0 also at some time in the past. For example, with the choice ϵ = 2.4 · 10^{−6} and γ = 2.2 we obtained the behavior plotted in Fig. 7, in which we have varied γ of 10%. For the choice ϵ = 2.4 · 10^{−6}, γ = 2.2 the constraints on the violation of equivalence principle and the constraints derived from atomic clocks are automatically satisfied:

η ≃ 2 · 10^{−20} ≪ 10^{−13} | | | | α̇ α_0 | | | | = 9 · 10^{−17} ≪ 10^{−15} yr^{−1} (32)

Figure 7. The logarithm of |Δα/α| is plotted as a function of Log(z + 1) for B_F (ϕ) = (_ϕ ϕ_0 )_ϵ (1 − γ ϵ (ϕ − ϕ_0)) with ϵ = 2.4 · 10^{−6}, γ = 2.2 (solid line) and γ = 2.2 ± 10% (dashed and dotted respectively). On the right-hand side we zoom on z <∼ 10. Only the curves not overlapping the grey areas are phenomenologically viable.

Power–law and exponential coupling combined

Since, as already discussed, the exponential coupling function case is equivalent to the linear one, this possibility falls within the previous example.

Polynomial and exponential combined

Now let’s consider ϵ = 0 and q ≠ 1. The case q = 1 is not interesting since the two factors would be almost equivalent and the behavior corresponding to the linear case. Let’s choose then, for example, q = 6:

B_F (ϕ) = (1 − ζ (ϕ − ϕ_0)^6) e^{−τ (ϕ−ϕ0)} (33)

For recent times (z < 1) the exponential coupling e^{−τ (ϕ−ϕ0)} ≃ 1 − τ (ϕ − ϕ_0) dominates, while in the past the two terms can be of the same order and, due to q being even, cancel at some time. This is shown in Fig. 8. The constraints on the violation of equivalence principle and the constraints derived from atomic clocks are satisfied.

Figure 8. The logarithm of |Δα/α| is plotted as a function of Log(z + 1) for B_F (ϕ) = (1 − ζ (ϕ − ϕ_0)^6) e^{−τ(ϕ−ϕ0 )} with τ = 0.6 · 10^{−6} and ζ = 2 · 10^{−4} (dotted line), ζ = 3.2 · 10^{−5} (solid line) and ζ = 5 · 10^{−6} (dashed line). On the right-hand side we zoom on z <∼ 10. Only the curves not overlapping the grey areas are phenomenologically viable.

5. Summary and Conclusions

In this paper we have carried out a comprehensive study of the cosmological variation of the fine-structure constant α induced by the coupling of the electromagnetic field with a typical Quintessence scalar. We have considered a variety of functional forms for the coupling function B_F (ϕ), obtainable from a general expression (see Eq. (23)) depending on four parameters.

We have found that very different cosmological histories for Δα are possible, depending on which parameters are switched on. For example, we can produce a Δα which is well below the observational constraints in the early universe and just within the experimental limits in recent times (linear coupling case). But also the converse is possible, if we choose a polynomial coupling. In particular, the behavior at small red-shift can be qualitatively very different depending on the model we choose: sharply decreasing in the polynomial coupling case or mildly decreasing with the power–law coupling.

Cosmological evolution of Alpha driven by a general coupling with Quintessence 13

By combining different functional forms, a notable feature emerged. In some cases it is possible that the scalar dynamics drives Δα to a zero at some time in the past, thus inverting the slope of its cosmological evolution. This happens for all the combined cases discussed here.

It is also worth remarking that in our parameter space span we found solutions with extremely reduced fine-tuning and still compatible with the available constraints. This is the case of the polynomial coupling with exponent q ≥ 15 which lifts the fine-tuning of the coefficient ζ (usually constrained to be ≤ 10^{−6}) to order 1.

It should also be emphasized that, while in the literature the result by Webb et al. [2, 3] is usually said to be incompatible with the Oklo limit [20], we found that this is not always the case. For example, in the polynomial coupling case it is possible to obtain several examples with a Δα which matches the Quasars data and at the same time respects the Oklo bound.

Acknowledgments

It is a pleasure to thank Antonio Masiero and Massimo Pietroni for useful discussions and suggestions. FR is partially supported by the University of Padova fund for young researchers, research project No. CPDG037114.

6. References

[1] For recent reviews, see: S. M. Carroll, Living Rev. Rel. 4, 1 (2001) [arXiv:astro-ph/0004075].

P. J. E. Peebles and B. Ratra, Rev. Mod. Phys. 75, 559 (2003) [arXiv:astro-ph/0207347]. T. Padmanabhan, Phys. Rept. 380, 235 (2003) [arXiv:hep-th/0212290].

[2] J. K. Webb, V. V. Flambaum, C. W. Churchill, M. J. Drinkwater and J. D. Barrow, Phys. Rev.

Lett. 82 (1999) 884 [arXiv:astro-ph/9803165]. J. K. Webb et al., Phys. Rev. Lett. 87 (2001) 091301 [arXiv:astro-ph/0012539]. J. K. Webb, M. T. Murphy, V. V. Flambaum and S. J. Curran, Astrophys. Space Sci. 283 (2003) 565 [arXiv:astro-ph/0210531].

[3] M. T. Murphy et al., Mon. Not. Roy. Astron. Soc. 327 (2001) 1208 [arXiv:astro-ph/0012419].

M. T. Murphy, J. K. Webb, V. V. Flambaum, J. X. Prochaska and A. M. Wolfe, Mon. Not. Roy. Astron. Soc. 327 (2001) 1237 [arXiv:astro-ph/0012421]. M. T. Murphy, J. K. Webb, V. V. Flambaum, M. J. Drinkwater, F. Combes and T. Wiklind, Mon. Not. Roy. Astron. Soc. 327 (2001) 1244 [arXiv:astro-ph/0101519]. M. T. Murphy, J. K. Webb and V. V. Flambaum, Mon. Not. Roy. Astron. Soc. 345 (2003) 609 [arXiv:astro-ph/0306483].

[4] J. D. Bekenstein, Phys. Rev. D 25 (1982) 1527.

[5] S. M. Carroll, Phys. Rev. Lett. 81 (1998) 3067 [arXiv:astro-ph/9806099]. [6] K. A. Olive and M. Pospelov, Phys. Rev. D 65 (2002) 085044 [arXiv:hep-ph/0110377]. [7] T. Damour, F. Piazza and G. Veneziano, Phys. Rev. D 66 (2002) 046007 [arXiv:hep-th/0205111]. [8] J. D. Barrow, H. B. Sandvik and J. Magueijo, Phys. Rev. D 65 (2002) 063504 [arXiv:astro-ph/0109414]. H. B. Sandvik, J. D. Barrow and J. Magueijo, Phys. Rev. Lett. 88 (2002) 031302 [arXiv:astro-ph/0107512]. D. F. Mota and J. D. Barrow, Phys. Lett. B 581 (2004) 141 [arXiv:astro-ph/0306047]. G. A. Palma, P. Brax, A. C. Davis and C. van de Bruck, Phys. Rev. D 68 (2003) 123519 [arXiv:astro-ph/0306279]. P. P. Avelino, C. J. A. Martins and J. C. R. Oliveira, Phys. Rev. D 70 (2004) 083506 [arXiv:astro-ph/0402379]. M. Byrne and C. Kolda, arXiv:hep-ph/0402075. Q. G. Huang and M. Li, JHEP 0305 (2003) 026

Cosmological evolution of Alpha driven by a general coupling with Quintessence 14

[arXiv:hep-ph/0302208]. U. Gunther, A. Starobinsky and A. Zhuk, Phys. Rev. D 69 (2004) 044003 [arXiv:hep-ph/0306191].

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

[10] S. Lee, K. A. Olive and M. Pospelov, Phys. Rev. D 70 (2004) 083503 [arXiv:astro-ph/0406039]. [11] T. Chiba and K. Kohri, Prog. Theor. Phys. 107 (2002) 631 [arXiv:hep-ph/0111086]. G. R. Dvali and M. Zaldarriaga, Phys. Rev. Lett. 88 (2002) 091303 [arXiv:hep-ph/0108217].

[12] C. Wetterich, Phys. Lett. B 561 (2003) 10 [arXiv:hep-ph/0301261]. C. Wetterich, arXiv:hep-ph/0302116.

L. Anchordoqui and H. Goldberg, Phys. Rev. D 68 (2003) 083513 [arXiv:hep-ph/0306084]. M. d. C. Bento, O. Bertolami and N. M. C. Santos, Phys. Rev. D 70 (2004) 107304 [arXiv:astro-ph/0402159]. D. S. Lee, W. Lee and K. W. Ng, arXiv:astro-ph/0309316.

[13] N. J. Nunes and J. E. Lidsey, Phys. Rev. D 69 (2004) 123511 [arXiv:astro-ph/0310882].

M. Doran, arXiv:astro-ph/0411606; D. Parkinson, B. A. Bassett and J. D. Barrow, Phys. Lett. B 578 (2004) 235 [arXiv:astro-ph/0307227]. C. Wetterich, JCAP 0310 (2003) 002 [arXiv:hep-ph/0203266]. D. F. Mota and J. D. Barrow, Mon. Not. Roy. Astron. Soc. 349 (2004) 281 [arXiv:astro-ph/0309273].

[14] J. P. Uzan, Rev. Mod. Phys. 75 (2003) 403 [15] K. A. Olive, M. Pospelov, Y. Z. Qian, A. Coc, M. Casse and E. Vangioni-Flam, Phys. Rev. D 66 (2002) 045022 [16] C. J. A. Martins, arXiv:astro-ph/0405630.

[17] H. Chand, R. Srianand, P. Petitjean and B. Aracil, Astron. Astrophys. 417 (2004) 853 [arXiv:astro-ph/0401094]. R. Srianand, H. Chand, P. Petitjean and B. Aracil, Phys. Rev. Lett. 92 (2004) 121302 [arXiv:astro-ph/0402177]. H. Chand, P. Petitjean, R. Srianand and B. Aracil, arXiv:astro-ph/0408200.

[18] K. M. Nollett and R. E. Lopez, Phys. Rev. D 66, 063507 (2002) [arXiv:astro-ph/0204325]. [19] P. P. Avelino et al., Phys. Rev. D 64, 103505 (2001) [arXiv:astro-ph/0102144]. C. J. A. Martins, A. Melchiorri, G. Rocha, R. Trotta, P. P. Avelino and P. Viana, Phys. Lett. B 585 (2004) 29 [arXiv:astro-ph/0302295].

[20] T. Damour and F. Dyson, Nucl. Phys. B 480, 37 (1996) [arXiv:hep-ph/9606486]. [21] H. Marion et al., Phys. Rev. Lett. 90, 150801 (2003) [arXiv:physics/0212112]. [22] J. Gasser and H. Leutwyler, Phys. Rept. 87, 77 (1982).

[23] Y. Su, B. R. Heckel, E. G. Adelberger, J. H. Gundlach, M. Harris, G. L. Smith and H. E. Swanson, Phys. Rev. D 50 (1994) 3614. S. Baessler, B.R. Heckel, E.G. Adelberger, J.H. Gundlach, U. Schmidt, and H.E. Swanson, Phys. Rev. Lett. 83, 3585 (1999).

[24] S. C. C. Ng, N. J. Nunes and F. Rosati, Phys. Rev. D 64 (2001) 083510 [arXiv:astro-ph/0107321]. [25] P. J. Steinhardt, L. M. Wang and I. Zlatev, Phys. Rev. D 59, 123504 (1999) [arXiv:astro-ph/9812313].