arXiv:astro-ph/0107512 26 Jul 2001

A Simple Varying-alpha Cosmology

Håvard Bunes Sandvik^a, John D. Barrow^b, and João Magueijo^a a Theoretical Physics, The Blackett Laboratory, Imperial College, Prince Consort Road, London, SW7 2BZ, U.K. b DAMTP, Centre for Mathematical Sciences, Cambridge University, Wilberforce Road, Cambridge CB3 0WA, U.K.

We investigate the cosmological consequences of a simple dilaton theory in which the electric charge e is allowed to vary. The theory is locally gauge and Lorentz invariant, and satisfies general covariance. We find that in this theory α remains almost constant in the radiation era, undergoes small increase in the matter era, but approaches a constant value when the universe starts accelerating because of the presence of a positive cosmological constant. This model complies with geological, nucleosynthesis, and CMB constraints on time-variations in α, while fitting simultaneously the observed accelerating universe and the recent high-redshift evidence for small α variations in quasar spectra. Further tests of this model are proposed.

There is renewed interest in cosmological theories where the traditional constants of Nature can vary in space and time. Theoretical interest is motivated by string and M-theories in which the true constants exist in more than 3 + 1 dimensions and the effective (3 + 1)− dimensional constants can display cosmological variations in time and space. The most observationally sensitive ’constant’ is the electromagnetic fine structure constant, α = e^2/h̄c, and recent observations motivate the formulation of varying-α theories. The new observational many-multiplet technique of Webb et al, [1], [2], exploits the extra sensitivity gained by studying relativistic transitions to different ground states using absorption lines in quasar (QSO) spectra at medium redshift. It has provided the first evidence that the fine structure constant might change with cosmological time [1–3]. The trend of these results is that the value of α was lower in the past, with Δα/α = −0.72±0.18×10�^5 for z ≈ 0.5−3.5. Other investigations have claimed preferred non-zero values of Δα < 0 to best fit the cosmic microwave background (CMB) and Big Bang Nucleosynthesis (BBN) data at z ≈ 10^3 and z ≈ 10^{10} respectively [4,5].

A varying α may be closely related to a varying speed of light (VSL), [6–8], which is of interest because it appears to solve the cosmological problems resolved by inflation, together with some other problems [9]. VSL theories are usually associated with breaking of Lorentz invariance (but see [11]). A less radical approach is to attribute varying α to changes in the fundamental electron charge, e. Bekenstein [12] gives an example of a consistent varying-e theory which preserves local gauge and Lorentz invariance, and is generally covariant. This is a dilaton theory with coupling to the electromagnetic “F^2” part of the Lagrangian, but not to the other gauge fields. The approach adopted is only a matter of convenience in the choice of units: they are observationally indistinguishable [7,10,13].

Another remarkable set of recent observations is of Type Ia supernovae in distant galaxies. These data have extended the Hubble diagram to redshifts, z ≥ 1 [14]. They imply an accelerated expansion of the universe. When combined with CMB data, the supernovae observations favour a flat universe with approximate matter density, Ω_m ≈ 0.3 and vacuum energy density, Ω_Λ ≈ 0.7. Studies have attempted to determine whether quintessential scalar fields could explain both cosmological dark matter and the recent acceleration of the universe, [15–19].

We will not here attempt to explain the acceleration of the universe. Instead, we show that by applying a generalisation of Bekenstein’s varying-e theory in a cosmological setting including the cosmological constant, Λ, we are able to explain the magnitude and sense of the observed change in α. We will show that since the change in e is driven only by electrostatic Coulomb energy, its variation will cease when Λ takes over the expansion. This gives a decelerated rate of change in α, just as the universe starts to accelerate, in accord with both data sets. The only energy scale we introduce is of the order of Planck scale, which also makes our model attractive. This model may be seen as a more conservative alternative to [20], where a VSL scenario was proposed which could explain the observed acceleration of the universe and variations in α, as well as their remarkable coincidence in redshift space.

Bekenstein’s original theory takes c and h̄ to be constants and attributes variations in α to changes in e,or the permittivity of free space. This is done by letting e take on the value of a real scalar field which varies in space and time e_0 → e = e_0ϵ(x^μ), where ϵ is a dimensionless scalar field and e_0 is a constant denoting the present value of e. This means some well established assumptions, like charge conservation, must give way [21]. Still, the principles of local gauge invariance and causality are maintained, as is the scale invariance of the ϵ field.

Since e is the electromagnetic coupling, the ϵ field couples to the gauge field as ϵA_μ in the Lagrangian and the gauge transformation which leaves the action invariant is ϵA_μ → ϵA_μ + χ_{,μ}, rather than the usual A_μ → A_μ + χ_{,μ}. The gauge-invariant electromagnetic field tensor is now F_{μν} = 1 ϵ ((ϵA_ν)_{,μ} − (ϵA_μ)_{,ν}) , (1)

which reduces to the usual form when ϵ is constant. The electromagnetic part of the action is still S_{em} = − ∫ d^4x √ −gF^{μν}F_{μν} . (2) and the dynamics of the ϵ field are controlled by the kinetic term

S_ϵ = − 1 2 h̄c l^2 ∫ d^4x √ −g ϵ_{,μ}ϵ^{,μ} ϵ^2

, (3)

as in dilaton theories. Here, l is the characteristic length scale of the theory, introduced for dimensional reasons. This constant length scale gives the scale down to which the electric field around a point charge is accurately Coulombic. The corresponding energy scale, h̄c/l, has to lie between a few tens of M eV and Planck scale, ∼ 10^{19}GeV to avoid conflict with experiment.

Consider Bekenstein’s theory in the cosmological setting suggested by the recent supernovae results. To make calculations easier, we invoke a transformation introduced in ref. [22]. By defining an auxiliary gauge potential a_μ = ϵA_μ, and field tensor f_{μν} = ϵF_{μν} = ∂_μa_ν − ∂_ν a_μ, the covariant derivative takes the usual form, D_μ = ∂_μ + ie_0a_μ. The dependence on ϵ in the Lagrangian then occurs only in the kinetic term for ϵ and in the F^2 = f^2/ϵ^2 term. This simplifies the variational problem enormously. To simplify further we change variable: ϵ → ψ ≡ lnϵ. The total action of the universe becomes S = ∫ d^4x √ −g ( L_{grav} + L_{matter} + L_ψ + L_{em}e�^{2ψ} ) , (4) where L_ψ = −^ω_2 ∂_μψ∂^μ ψ, ω is a coupling constant, and L_{em} = −^1_4 f_{μν} f^{μν} . The gravitational Lagrangian L_{grav} =^1_{16π} R is the Einstein-Hilbert Lagrangian with R the curvature scalar. Our theory generalises Bekenstein’s approach by including the effects of the varying ϵ (or ψ) field on the gravitational dynamics of the expanding universe. The scalar field ψ plays a similar role to the dilaton in the low-energy limit of string and M-theories, with the important difference that it couples only to electromagnetic energy. The corresponding dilaton action would be S_{dilaton} = ∫ d^4x √ −g ( L_{grav} + L_{matter}e�^{2ϕ} + L_ϕ ) (5) where ϕ is the dilaton and L_{matter} contains the other matter and radiation constituents of the universe. If the scalar field ϕ couples to all the matter then the strong and electroweak charges can also vary with x^μ. These similarities highlight the deep connections between effective fundamental theories in higher dimensions and varyingconstant theories, [23].

To obtain the cosmological equations we vary the action with respect to the metric to give the generalised Einstein equations

G_{μν} = 8πG ( T^{matter} μν + T^ψ_{μν} + T^{em}_{μν} e�^{2ψ} ) , (6)

and vary with respect to the ψ field to give the equations of motion for the field that carries the α variations:

2ψ = −^2_ω e�^{2ψ}L^{free}_{em} . (7)

It is clear that the f^2 in L^{free}_{em} vanishes for a sea of pure radiation since then f^2 = E^2 − B^2 = 0. For nonrelativistic matter, we can neglect the magnetic energy since it is only a very tiny fraction of the total electromagnetic energy. The only significant contribution to a variation in ψ is from the Coulomb energy. This suggests a negligible change in e in the radiation epoch, a fact confirmed by our numerical calculations. In the matter epoch, where the universe is dominated by nonrelativistic matter, electrostatic energy drives a change in e.

In order to make quantitative predictions we need to know how much of the non-relativistic matter contributes to the RHS of Eqn. (7). This is parametrised by ζ ≡ ρ_{em}/ρ_{matter}. In [12], ζ was estimated to be around 1%. However, if we choose to model the proton as a charged shell of radius equal to the estimated proton radius, the fraction would be lower, approximately 0.19% . Also, the value of ζ needs to be weighted by the fraction of matter that is non-baryonic, a point ignored in the literature [12,24]. Hence, the total ζ depends strongly on the nature of the dark matter. BBN predicts an approximate value for the baryon density of Ω_B ≈ 0.0125h�^2_0 , or Ω_B ≈ 0.03% with a Hubble parameter of h_0 ≈ 0.6. Since we believe the total matter density to be Ω_m ≈ 0.3, this would mean that only about 1/10 of matter is baryonic and couples to changes in e. Thus, we should assume values for ζ ranging from 0.02% to 0.1%, if the cold dark matter is allowed to have little or no electrostatic Coulomb component. If this is not true, then ζ could have a much higher value.

Assuming a spatially-flat, homogeneous and isotropic Friedmann metric with expansion scale factor a(t) we obtain the field equations (c ≡ 1) ( ȧ a )_2 = 8πG 3 ( ρ_m ( 1 + ζe�^{2ψ} ) + ρ_r e�^{2ψ} + ρ_ψ + ρ_Λ ) , (8) −3 ä a = 4πG ( ρ_m(1 + ζe�^{2ψ}) + 2ρ_re�^{2ψ} + 4ρ_ψ − 2ρ_Λ ) (9) where the cosmological vacuum energy ρ_Λ is a constant that is proportional to the cosmological constant Λ ≡ 8πGρ_Λ, and ρ_ψ =^ω_2 ψ̇^2. For the scalar field we get

ψ̈ + 3Hψ̇ = 2 ω e�2ψ_{ζρm (10)} where H ≡ ȧ/a. By differentiating eq.(8) and substituting eq.(9), we get conservation equations for the noninteracting radiation, and matter densities ρ_r and ρ_m, respectively:

FIG. 1. Cosmological evolution from radiation domination through matter domination and into lambda domination with coupling ω = 1. The first graph plots the α(t) as a function of the redshift z. The second graph plots the effective equation of state for the universe, w = p/ρ, versus z. The variable

α ȷ e^2/(h̄c) increases in the matter era, but approaches a

constant as Λ takes over the expansion.

FIG. 2. The data points are the QSO results for the changing α(z) reported in refs. [1–3]. The solid line is the theoretical prediction for α(z) in our model with ζ/ω = 0.06%. The top and bottom lines correspond to choices ζ/ω = 0.1% and ζ/ω = 0.02% respectively ρ̇_m + 3Hρ_m = 0 (11)

ρ̇_r + 4Hρ_r = 2ψ̇ρ_r . (12)

This last relation can be written as ˙ρ̃_r + 4Hρ̃_r = 0, with ρ̃_r ≡ ρ_r e�^{2ψ} ∝ a�^4. Eq. (10) may be expressed in terms of the kinetic energy density of the ψ field, ρ_ψ = ωψ̇^2/2, to give

ρ̇_ψ + 6Hρ_ψ = 2 √ 2 ω e�2ψ_{ζρm}^√_{ρψ . (13)} The ψ field behaves like a stiff Zeldovich fluid with ρ_ψ ∝

a�6_{when the RHS vanishes.}

Eqns. (8-13), govern the Friedmann universe with time-varying α = exp(2ψ)/h̄c. They depend on the choice of the parameter ζ/ω. We evolve these equations numerically from early radiation-domination, through the matter era and into vacuum domination by ρ_Λ. Fig. 1 shows the evolution of α with redshift in this model, for ζ/ω = 0.02, 0.06, 0.1%. We see that given the uncertainties in the total ζ discussed above, it is possible to fit the data with ω = 1, so that the theory’s new length scale is the Planck length.

We note that ψ and α remain almost constant during early radiation domination where baryonic species become relativistic. In the matter epoch, ψ and α increase slightly towards lower redshifts, but tend to constant values again once the universe starts accelerating, and Λ dominates. This Λ effect reduces variations in α during the last expansion time of our universe where the local geonuclear effects of varying α are strongly constrained by observations, [26,27], while allowing the cosmological variations observed by [1–3] at redshifts, z ≈ 0.5 − 3.5, where the effects of Λ on the expansion progressively diminish. In Figure 2 we plot the predicted change in α and the binned QSO data from refs. [1–3].

In view of the special α(z) variation produced by the cosmic acceleration there is agreement with all laboratory, geological and astrophysical constraints on varyingα deriving from the last expansion time (cf., [25], [26], [27], [24]). Notice also that the supernovae luminosity data are fitted by our model, since ψ affects the cosmological expansion very little, and its direct effect upon the luminosities of astrophysical objects is negligible. Hence, our Hubble diagram is precisely the same as that of a universe with constant α and Ω_m ≈ 0.3 and Ω_Λ ≈ 0.7. Our model also meets constraints from BBN, since BBN occurs deep in the radiation epoch, z ∼ 10^9 − 10^{10},when α is predicted to be only 0.028% lower than today. The standard BBN scenario can withstand variations in α of the order of 1% without contradicting observations (see [4] and references therein). The value of α at CMB decoupling, z ≈ 1000 in our model is only ∼ 0.02% lower than today, compatible with all CMB observations, [4,5], which place an upper bound of a few percent. However, the variations we predict are close enough to these limits to hold out the possibility of observational test in the future by more detailed calculations of the effects on

BBN and the CMB, and more precise data. Low-redshift observations of molecular and atomic transitions [28] can provide important information about the value of α close to the redshift where acceleration commences, z_Λ ∼ 0.3, if the isotope evolution uncertainty can be reduced (see [29]).

Spatial variations of α are likely to be significant [30]. This model makes firm predictions on how α varies near local massive objects. Linearising eq. (7) and following the calculation of [31], one finds that relative variations in α are proportional to the local gravitational potential: Δα α = 8 ζ ω GM r ≈ 4.8 × 10�^4 GM r (14)

where M is the mass of the compact object, and r its radius. On extragalactic scales the CMB temperature anisotropy ΔT /T ∼ GM/r would lead us to expect largescale spatial gradients of order Δα/α ∼ 10�^8. More locally, one would need an object not larger than some tens of Schwarzschild radii for the effect on α(r) to be observable with current technology. However with improved technology, one might find less demanding candidates. An independent low-z test of the effects seen by [1,2] could ultimately be provided by the detection of a Δα ≠ 0 effect from the fine structure of stellar spectral lines. The exact relation between the change in α with redshift and in space (near massive objects) is model dependent [31], but eq.(14) provides the exact prediction for the simple varying-α theory considered in this paper.

In summary, we have shown how a cosmological generalisation of Bekenstein’s theory of a varying e can naturally explain the reported variations in the fine structure constant whilst satisfying all other observational bounds. The onset of Λ domination is shown to be closely related to the cosmic epoch when significant changes in α cease to occur. Our numerical results show that with a natural coupling, and using observational constraints on the nature of the cold dark matter, α changes significantly only in the post-recombination era for as long as the expansion is driven by non-relativistic matter. At the onset of Λ domination, the expansion accelerates and α rapidly approaches a constant value. This model complies with geological constraints, like Oklo, but is consistent with the non-zero variations in α(z) inferred from observations of quasar absorption lines [1–3] at z ≈ 0.5 − 3.5. The model is attractive because apart from the (observed) cosmological constant value, the only free parameter introduced is an energy scale which is set equal to the Planck scale (the coupling ω = 1). It is also consistent with CMB and BBN observational constraints.

Acknowledgements HBS thanks the Research Council of Norway for financial support. This work was performed on COSMOS, the Origin 2000 supercomputer owned by the UK-CCC and supported by HEFCE and PPARC. We also thank Michael Murphy and John Webb for discussions.

[1] M.T.Murphy et. al. astro-ph/0012419, MNRAS in press (2001).

[2] J.K. Webb, V.V. Flambaum, C.W. Churchill, M.J.

Drinkwater & J.D. Barrow, Phys. Rev. Lett. 82, 884 (1999).

[3] J.K. Webb et al. astro-ph/0012539, Phys. Rev. Lett. in press (2001).

[4] P.P. Avelino et. al., Phys.Rev. D 62, 123508, (2000). [5] R. Battye, R. Crittenden, J. Weller, Phys.Rev. D 63, 043505, (2001).

[6] J.Moffat, Int. J. Mod. Phys. D 2, 351 (1993). [7] A. Albrecht and J. Magueijo, Phys. Rev. D 59, 043516 (1999).

[8] J.D. Barrow, Phys. Rev. D 59, 043515 (1999). [9] J.D. Barrow and J. Magueijo. Phys. Lett. B 447, 246 (1999).

[10] J.D. Barrow and J. Magueijo, Phys. Lett. B 443, 104 (1998) [11] J. Magueijo, Phys. Rev. D 62, 103521, (2000). [12] J.D. Bekenstein, Phys. Rev. D 25, 1527 (1982). [13] J. D. Bekenstein, Comments on Astrophysics 8, 89 (1979).

[14] S. Perlmutter et al., Ap. J. 517, 565 (1999); S. Perlmutter et al, Ap. J. 483, 565 (1997); S. Perlmutter et al, Nature 391 51 (1998); P.M.Garnavich, et al, Ap.J. Letters 493, L53 (1998); Schmidt, B.P., Ap.J. 507,46 (1998); Riess, A.G. et al 1998 AJ 116,1009 [15] C Wetterich, Nucl. Phys. B. 302, 668 (1988) [16] B. Ratra and P.J. Peebles, Phys. Rev. D 37, 321 (1988) . [17] I. Zlatev, L. Wang & P. Steinhardt, Phys. Rev. Lett. 82, 896 (1999) [18] A.Albrecht and C.Skordis, Phys. Rev. Lett. 84, 2076 (2000).

[19] R. Bean and J. Magueijo, astro-ph/0007199. [20] J. D. Barrow and J. Magueijo, Ap. J. Lett. 532, L87 (2000).

[21] S. Landau, P. Sisterna & H. Vucetich, Phys. Rev. D63, 081303(R) (2001) [22] J.Magueijo, H.B.Sandvik & T.W.B. Kibble, Phys.Rev. D 64, 023521 (2001).

[23] P. Forgács and P. Horváth, Gen. Rel. Gravn. 11, 205 (1979); W. Marciano, Phys. Rev. Lett. 52, 489 (1984); J.D. Barrow, Phys. Rev. D 35, 1805 (1987); T. Damour and A.M. Polyakov, Nucl. Phys. B 423, 532 (1994).

[24] M. Livio and M. Stiavelli, Ap.J. Lett. 507, L13 (1998);

Cowie L. and Songaila A., ApJ, 453, 596 (1995); Varshalovich D. A. and Potekhin A. Y., Space Sci. Rev., 74, 259 (1995).

[25] J.D. Prestage, R.L. Tjoelker & L.Maleki, ”Bloomington 1998, CPT and Lorentz symmetry” 187-195 [26] A. Shylakhter, Nature 264, 340 (1976).

[27] Y. Fujii et al, Nucl. Phys. B, 573, 377 (2000); Damour T., Dyson F. J., Nucl. Phys. B, 480, 37 (1996) [28] M.J. Drinkwater, J.K. Webb, J.D. Barrow & V.V. Flambaum. MNRAS. 295, 457 (1998).

[29] M.T. Murphy, J.K. Webb, V.V. Flambaum, C.W.

Churchill, & J.X. Prochaska, astro-ph/0012420, MNRAS in press (2001) [30] J.D. Barrow and C. O’Toole, MNRAS. 322, 585 (2001). [31] J. Magueijo, Phys.Rev. D 63, 043502 (2001).