ASTROPHYSICAL TESTING COSMOLOGICAL VARIABILITY OF FUNDAMENTAL PHYSICAL CONSTANTS

D.A. Varshalovich, A.V. Ivanchik, and A.Y. Potekhin

Ioffe Physico-Technical Institute, Politekhnicheslaya 26, 194021, St. Petersburg, Russia

We review the current status of the problem of cosmological variability of fundamental physical constants, in particular, the fine-structure constant α = e^2/ℏc and the proton-to-electron mass ratio μ = m_p/m_e, with emphasis on the recent results provided by astronomical observations.

1 Introduction

The problem of the talk is one of the hot points of contemporary physics and cosmology. Current theories of fundamental interactions (e.g., SUSY GUT, Superstring theory) predict two kinds of variations of fundamental constants. First, they state that the fundamental constants are “running” – that is, depend on the energy of particle interaction (e.g., Ref. [1]). This effect has been reliably confirmed in high-energy accelerator experiments. For example, the fine-structure constant α = e^2/ℏc equals 1/137.036 at low energies (E → 0) and 1/128.896 at energy 90 GeV [2]. Second, the current theories predict that the low-energy limits of the fundamental constants can vary in the course of cosmological evolution and take on different values at different points of space-time. Here we focus on the latter kind of their possible variability.

Clearly, experimental detection of a space-time variability of the fundamental constants would be a great step forward in understanding Nature. Note, however, that a numerical value of any dimensional physical parameter depends on arbitrary choice of physical units. In turn, there is no way to determine the units in a remote space-time region other than through the fundamental constants. Therefore it is meaningless to speak of a variation of a dimensional physical constant without specifying which of the other physical parameters are defined to be invariable. This point has been recently emphasized by Duff [3] (the counter-arguments by Moffat [4] are actually based on the unjustified implicit assumption that one can measure absolute time intervals in distant space-time regions without specifying the clock used). Usually, while speaking on variability of a dimensional physical parameter, one implies that all the other fundamental constants are fixed. So did Milne [5] and Dirac [6] in their pioneering papers devoted to a possible change of the gravitational constant G. More recently, a number of authors considered cosmological theories with a time varying speed of light c (e.g., Ref. [7] and references therein). However, if we adopt the standard definition of meter as the length of path traveled by light in vacuum in 1/299 792 458 s, then c = 2.997 924 58×10^8 m s^{−1} identically. Similarly, one cannot speak on variability of the electron mass m_e or charge e while using the Hartree units (ℏ = e = m_e = 1), most natural in atomic physics.

Thus, only dimensionless combinations of the physical parameters are truly fundamental, and only such combinations will be considered hereafter. We shall review the current status of the problem of space-time variability of the low-energy limits of the fundamental constants, paying main attention to two constants which are of paramount importance for atomic and molecular spectroscopy: (i) the fine-structure constant α = e^2/ℏc, and (ii) the proton-to-electron mass ratio μ = m_p/m_e, which characterize the strengths of electromagnetic and strong interactions.

2 Quasar spectra

Values of the physical constants in the early epochs are estimated directly from observations of quasars (the most powerful sources of radiation) whose spectra were formed when the Universe was several times younger than now. The wavelengths of the spectral lines observed in radiation from these objects (λ_{obs}) increase compared with the laboratory values (λ_{lab}) in proportion λ_{obs} = λ_{lab}(1+z), where z is the cosmological redshift which can be used to determine the age of the Universe at the line-formation epoch. Analyzing these spectra we can study the epochs when the Universe was younger than now.

At present, the extragalactic spectroscopy enables one to probe the physical conditions in the Universe up to cosmological redshifts z ≲ 6, which correspond, by order of magnitude, to the scales ≲ 15 Gyr in time and ≲ 5 Gpc in space. The large time span enables us to obtain quite stringent estimates of the rate of possible time variations, even though the astronomical wavelength measurements are not so accurate as the precision metrological experiments. Moreover, such analysis allows us to study the physical conditions in distant regions of the Universe, which were causally disconnected at the line-formation epoch.

In general, the dependence of wavelengths of resonant lines in quasar spectra on fundamental constants is not the same for different transitions. This makes it possible to distinguish the cosmological redshift (common for all lines in a given absorption system) from the shift due to the possible variation of fundamental constants.

2.1 Fine-structure constant

Quasar spectra were used for setting bounds on possible variation rates of fundamental physical constants by many authors. The first ones were Bahcall et al. [8, 9], who compared the observed redshifts z of the components of finestructure doublets in spectra of distant quasars, and derived the estimates Δα/α = (−2 ± 5) × 10^{−2} at z = 1.95 and Δα/α = (−1 ± 2) × 10^{−3} at z = 0.2. Afterwards this and similar methods were used for setting stronger bounds on Δα/α at different z. In particular, Potekhin and Varshalovich [10] applied modern statistical methods to analysis of ≈ 1400 pairs of wavelengths of the fine-splitted doublet absorption lines in quasar spectra and obtained an upper bound on the rate of a relative variation of the fine-structure constant |α^{−1}dα/dz| < 5.6 × 10^{−4} for the epoch 0.2 ≤ z ≲ 4. Later we (Ivanchik et al. [11]) optimized the strategy of studying the time-dependence of α. As a result, a new constraint on the possible deviation of the fine-structure constant at z = 2.8–3.1 from its present (z = 0) value was obtained: |Δα/α| < 1.6 × 10^{−4}. The corresponding upper limit of the α variation rate averaged over ∼ 10^{10} yr is |α̇/α| < 2 × 10^{−14} yr^{−1}.

In a recent series of papers, Webb et al. (e.g., Ref. [12] and references therein) reported a possible detection of variation of the fine-structure constant, Δα/α = (−0.72 ± 0.18) × 10^{−5}, averaged over the cosmological redshifts z = 0.5–3.5. However, it is difficult to evaluate systematic errors which might simulate this result. In particular, the method used by the authors, which is based on simultaneous measurements of wavelengths of a large number of transitions for various ions, depends more sensitively on poorly known factors (e.g., isotope variations, instrumental calibration errors, etc.) than the method based on separate measurements of fine structure of spectral lines of each species [10, 11]. On the other hand, the latter method has a larger statistical error than the method of Webb et al. Therefore, it is especially important to check possible variations of different fundamental constants, using different techniques, applied to different stages of the cosmological evolution.

2.2 Proton-to-electron mass ratio

Since any interaction inherent in a given particle contributes to its observed mass, a variation in α suggests a variation in the proton-to-electron mass ratio μ = m_p/m_e. The functional dependence μ(α) is currently unknown, but there are several theoretical models which allow one to estimate the electromagnetic contribution to μ (e.g., [13, 14]), as well as model relations between cosmological variations of α and μ based on Grand Unification [15].

Evaluation of μ in distant space-time regions of the Universe is possible due to observations of H_2 molecular lines in quasar spectra. The wavelengths of these lines depend on μ through the reduced mass of the molecule. The method is based on the relation [16]

1 + z_i 1 + z_k = (λ_i/λ_k)_z (λ_i/λ_k)_0

≃ 1 + (K_i − K_k) ( Δμ μ ) , (1)

where z_i is the observed redshift of an individual line, the subscripts ‘z’ and ‘0’ mark the wavelength ratios in the quasar spectrum and the terrestrial laboratory, respectively, and K_i ≡ ∂ ln λ_i/∂ ln μ are the sensitivity coefficients. A method for calculation of these coefficients has been presented in Ref. [17]. The authors have applied a linear regression (z as a linear function of K) analysis to the H_2 absorption lines in the spectrum of quasar PKS 0528−250 at z = 2.8108 and obtained an estimate of the fractional variation of |Δμ/μ| = (11.5 ± 7.6) × 10^{−5}. Thus, no statistically significant variation was found. The above estimate approximately corresponds to the upper bound |μ̇/μ| < 1.5 × 10^{−14} yr^{−1}.

Recently, similar analyses of the H_2 absorption system in the spectrum of quasar Q 0347−382 at z = 3.0249 have been performed by Levshakov et al. [18] and Ivanchik et al. [19]; the latter authors analyzed also the H_2 absorption system in the spectrum of quasar Q 1232+082 at z = 2.3377. The most conservative estimate for the possible variation of μ in the past ∼ 10 Gyr, obtained in Ref. [19], reads

Δμ/μ = (5.7 ± 3.8) × 10^{−5}. (2)

The corresponding linear regression is illustrated in Fig. 1. Thus, we have obtained the most stringent estimate on a possible cosmological μ-variation

|μ̇/μ| < 1 × 10^{−14} yr^{−1}. (3)

Figure 1: Regression analysis of ξ_i-to-K_i for the H_2 lines; ξ_i = (z_i − z)/(1 + z).

3 Conclusions

We have discussed the current status of the problem of cosmological variability of fundamental physical constants, making emphasis on the studies of the space-time variability of two basic parameters of atomic and molecular physics: the fine-structure constant α and the proton-to-electron mass ratio μ. A variation of these parameters is not firmly established. More precise measurements and observations and their accurate statistical analyses are required in order to detect the expected variations of the fundamental constants.

Acknowledgments. This work has been supported in part by RFBR (02-02- 16278a, 02-02-06096mac) and the RAS Program “Non-stationary phenomena in astronomy”.

[1] L.B. Okun’, Usp. Fiz. Nauk 168 (1998) 625 [Physics–Uspekhi 41 (1998) 553].

[2] M.I. Vysotskiĭ, V.A. Novikov, L.B. Okun’, and A.N. Rozanov, Usp. Fiz. Nauk 166 (1996) 539 [Physics–Uspekhi 39 (1996) 503].

[3] M.J. Duff, hep-th/0208093

[4] J.W. Moffat, hep-th/0208109 [5] E. Milne, Proc. R. Soc. London A158 (1937) 324.

[6] P.A.M. Dirac, Nature 139 (1937) 323; Proc. R. Soc. London A165 (1938) 199.

[7] J.W. Moffat, astro-ph/0210042 [8] J. Bahcall and M. Schmidt, Phys. Rev. Lett. 19 (1967) 1294. [9] J. Bahcall, W.L.W. Sargent, and M. Schmidt, Astrophys. J. 149 (1967) L11.

[10] A.Y. Potekhin and D.A. Varshalovich, Astron. Astrophys. Suppl. Ser. 104 (1994) 89.

[11] A.V. Ivanchik, A.Y. Potekhin, and D.A. Varshalovich, Astron. Astrophys.

343 (1999) 439.

[12] J.K. Webb, M.T. Murphy, V.V. Flambaum, V.A. Dzuba, J.D. Barrow, C.W. Churchill, J.X. Prochaska, and A.M. Wolfe, Phys. Rev. Lett. 87 (2001) 091301.

[13] J. Gasser and H. Leutwyler, Phys, Rep. 87 (1982) 77. [14] T. Damour and A.M. Polyakov, Nucl. Phys. B 423 (1994) 532. [15] X. Calmet and H. Fritzsch, Eur. Phys. J. C24 (2002) 639; /hepph/0112110.

[16] D.A. Varshalovich and S.A. Levshakov, Pis’ma v Zhurn. Eksper. Teor.

Fiz. 58 (1993) 231 [JETP Lett. 58 (1993) 237].

[17] A.Y. Potekhin, A.V. Ivanchik, D.A. Varshalovich, K.M. Lanzetta, J.A. Baldwin, G.M. Williger, and R.F. Carswell, Astrophys. J. 505 (1998) 523.

[18] S.A. Levshakov, M. Dessauges-Zavadsky, S. D’Odorico, and P. Molaro, Mon. Not. Roy. Astron. Soc. 333 (2002) 373.

[19] A.V. Ivanchik, E. Rodriguez, P. Petitjean, and D.A. Varshalovich, Astronomy Lett. 28 (2002) 423.