arXiv:1211.1936v1 [physics.gen-ph] 7 Nov 2012

APS/123-QED

Invariance of the fine structure constant over the cosmological time

Cláudio Nassif (e-mail: cncruz7@yahoo.com.br)^∗ (Dated: November 9, 2012)

It is shown that the fine structure constant has remained invariant since the early universe with very high temperature. Although the speed of light was initially much higher than its current value according to a previous work [Phys. Rev. D 86, 027703 (2012)], where we have developed a modified relativistic dynamics of a particle in a thermal background field, and now showing that both the Planck constant and the electron charge were also very large in a distant past, it is found that the fine structure constant has not been changed with time in agreement with laboratory tests and some observational results.

PACS numbers: 03.30.+p, 11.30.Qc, 06.20.Jr, 98.80.Es

I. INTRODUCTION

There are lots of theoretical proposals for variation of the fundamental constants of nature, including the variation of the fine structure constant α[1][2][3][4][5]. Furthermore, many evidences behind recent claims of spatial variation in the fine structure constant, due to groundbased telescopes for the observations of ion absorption lines in the light of distant quasars, have led to much discussion because of controversial results about how different telescopes should observe distinct spatial variations in α[6]. Variation over cosmological time has also been conjectured[7][8][9]. In view of all this, we should be careful to investigate the veracity of such controversial results. For this, we will start from a significant result of the extended relativistic dynamics due the presence of an isotropic background field with temperature T , which has been addressed in a previous article[10];i.e,the dependence of the speed of light with temperature of the expanding universe [c(T )][10]. Based on this result, we will also be able to obtain the variation of the Planck constant with temperature [h(T )], the electric permittivity of vacuum modified by temperature [ϵ_0(T )] and, finally, the behavior of the electron charge with the background temperature [q_e(T )], in such a way that we conclude ultimately that the fine structure constant α has always remained invariant with the cosmic time scale. Thus, we will show that α^′ = α(T ) = α = q^2_e /4πϵ_0ℏc, where α^{−1} ≈ 137.035999037(91)[11].

A recent article on the Bayesian reanalysis of the quasar dataset[12] reveals significant support for a skeptical interpretation in which the apparent dipole effect is driven solely by systematic errors of opposing sign inherent in measurements from the Keck and VLT telescopes employed to obtain the observations[6]. Thus, this reanalysis leads us to question such results which show that the fine structure constant exhibits spatial varia-

∗UESC: Universidade Estadual de Santa Cruz- Departamento de Ciências Exatas e Tecnológicas-DCET, Rod.Ilheus-Itabuna, km 16, Salobrinho- CEP.45.662-000, Bahia-Brazil.

tions. This strengthens our defense in favor of its isotropy and also its invariance according to Occam’s razor[12].

It is still important to mention the observational results of J. Bahcall, W. Sargent and M. Schmidt[13] who measured the fine structure constant in quasar 3C191 and showed that its value did not vary significantly with time, giving support to our theoretical result.

Although recent astrophysical data suggest that the fine structure constant α has increased over cosmological time, where the combined analysis over more than 100 quasar systems has produced a value of a relative change of Δα/α = −0.57 ± 0.10 × 10^{−5}, which is at the 5σ significance level[14], in contrast, we have laboratory tests that cover only a short time span and they have found no indications for the time-variation of α[15]. Their advantage, however, is their great accuracy, reproducibility and unequivocal interpretation.

II. ENERGY EQUATION OF A PARTICLE IN A THERMAL BACKGROUND FIELD

According to the relativistic dynamics, the relativistic mass of a particle is m = γm_0, where γ = 1/ √ 1 − v^2/c^2 and m_0 is its rest mass. On the other hand, according to Newton second law applied to its relativistic momentum, we find F = dP/dt = d(γm_0v)/dt = (m_0γ^3)dv/dt = m_0(1 − v^2/c^2)^{−3/2}dv/dt, where m_0γ^3 represents an inertial mass (m_i) that is larger than the relativistic mass m(= γm_0); i.e., we have m_i > m.

The mysterious discrepancy between the relativistic mass m(m_r) and the inertial mass m_i from Newton second law is a controversial issue[16][17][18][19][20][21][22]. Actually the Newtonian notion about inertia as the resistance to acceleration (m_i) is not compatible with the relativistic dynamics (m_r) in the sense that we generally cannot consider ⃗F = m_r⃗a. An interesting explanation for such a discrepancy is to take into consideration the influence of an isotropic background field[23] that couples to the particle, by dressing its relativistic mass (m_r) in order to generate an effective (dressed) mass m^∗(= m_{ef f ective}) working like the inertial mass m_i(> m_r) in accordance with the Newtonian concept of inertia, where we find m^∗ = m_i = γ^2m_r = γ^2m. In this sense, it is natural to conclude that m^∗ has a nonlocal origin; i.e., it comes from a kind of interaction with a background field connected to a universal frame[23], which is within the context of the ideas of Sciama[24], Schrödinger[25] and Mach[26].

If we define the new factor γ^2 = Γ, we write

m^∗ = Γm, (1)

where Γ[10] provides a nonlocal dynamic effect due to the influence of a universal background field over the particle moving with speed v with respect to such a universal frame[25]. According to this reasoning, the particle is not completely free, since its relativistic energy is now modified by the presence of the whole universe, namely:

E^∗ = m^∗c^2 = Γmc^2 (2)

As the modified energy E^∗ can be thought as being the energy E of the free particle plus an increment δE of nonlocal origin, i.e., E^∗ = ΓE = E + δE, let us now consider that δE comes from the thermal background field of the whole expanding universe instead of simply a dynamic effect of a particle moving with speed v in the background field, in spite of the fact that there should be an equivalence between the dynamical and thermal approaches for obtaining the modified energy. To show this, we make the following consideration inside the factor Γ, namely:

Γ(v) = ( 1 − v^2 c^2 )_{−1} ≡ Γ(T ) = ( 1 − m_P v^2 K_B m_P c^2 K_B )−1 , (3)

from where we find Γ(T ) = (1−T/T_P )^{−1}[10], T being the background temperature. T_P (= m_P c^2/K_B ∼ 10^{32}K) is the Planck temperature in the early universe with Planck radius R_P ∼ 10^{−35}m. E_P (= m_P c^2 ∼ 10^{19}GeV) is the Planck energy and m_P (∼ 10^{−4}g) is the Planck mass. From the thermal approach, if T → T_P , Γ(T ) diverges.

Now we simply rewrite (2) as follows:

E = Γ(T )mc^2 = mc^2 1 −^T_{TP} (4) It is curious to notice that the Magueijo-Smolin doubly special relativity equation (mc^2/1 − E/E_P )[27] reproduces Eq.(4)[10] when we just replace E by K_B T and E_P by K_BT_P in the denominator of their equation.

As the factor Γ(T ) has a nonlocal origin and is related to the background temperature of the universe, let us admit that this factor acts globally on the speed of light c, while the well-known factor γ acts locally on the relativistic mass of the particle. In view of this, we should redefine the equation (4) in the following way:

E = [γ^′m_0][Γ(T )c^2] = γ^′m_0c^{′2} = mc(T )^2 = mc^{′2}, (5)

FIG. 1: This figure shows two graphics, namely R(t), which is the size (radius) of the universe as a function of time, and c(T ), representing the speed of light with dependence on the temperature of the universe according to Eq.(7). At the beginning of the universe when it was a singularity with a minimum radius of the order of the Planck radius, i.e., RP ∼ 10^{−35} m, having the Planck energy scale Ep ∼ 10^{19} GeV which corresponds to the Planck temperature TP ∼ 10^{32}K and the Planck time tP ∼ 10^{−43} s, the speed of light c^′ was infinite since there was no spacetime [see Eq.(7) for c(T )]. But immediately after, when T1 = 10^{31} K, the speed of light had already assumed a value close to the current value as shown by Eq.(7) for c(T ), and therefore a cone of light (a spacetime) had been formed; i.e., with c = 2.99792458 × 10^8m/s for the present time, then, according to the function c(T ), we find c1 = c(T1) = 3.16008998 × 10^8 m/s (see the figure). Subsequently, for T2 = 10^{30} K, we find c2 = c(T2) = 3.01302757 × 10^8 m/s . For T3 = 10^{29} K ⇒ c3 = c(T3) = 2.99942467 × 10^8m/s. And for T4 = 10^{28} K ⇒ c4 = c(T4) = 2.99807447 × 10^8m/s. Finally, for T5 = 10^{27}K ⇒ c5 = c(T5) = 2.99793955 × 10^8m/s. From this temperature T5 = 10^{27} K, when t = t5 ∼ 10^{−35}s, corresponding to the energy scale of the Grand Unified Theory (GUT) with 10^{14}GeV, the universe inflated very quickly, starting with a radius R5 ∼ 10^{−25} m and reaching R6 ∼ 10^{25} m at the time t6 ∼ 10^{−32} s; i.e., the size of the universe increased rapidly 50 orders of magnitude. Since the speed of light c5 ≈ c, Varying Speed of Light theories was questioned[10].

where now we have m = γ^′m_0, so that

γ^′ = 1 √ 1 −^{v2}_{c′2} (6)

And from Eq.(5) we extract

c^′ = c(T ) = c √ 1 −^T_{TP} , (7) where c(T ) = √ Γ(T )c = γ_T c, with γ_T = 1/ √ 1 − T/T_P . So the change in the speed of light is δc = c^′ − c, i.e., δc = (γ_T − 1)c = (1/ √ 1 − T/T_P − 1)c. For T << T_P , we get δc ≈ 0. When T = T_P , c^′ has diverged.

From Eq.(7), we find that the speed of light was infinite in the early universe when T = T_P . As the universe was expanding and getting colder, the speed of light had been decreased to achieve c(T ) ≈ c for T << T_P . Currently we have c(T_0) = c, with T_0 ≈ 2.73K.

According to Eq.(7), since the high value of the speed of light in the early universe was drastically decreased even before the beginning of the inflationary period as shown in a previous paper[10], in that work we were led to conclude that the usual theories of varying speed of light should be questioned as a possible solution of the horizon problem as shown in Fig.(1).

We should note that the variation of the speed of light with temperature does not invalidate the postulate of constancy of the speed of light in special relativity since c^′ for a given temperature remains invariant only with respect to the motion of massive particles, but not with respect to the age and temperature of the universe.

III. INVARIANCE OF THE FINE STRUCTURE CONSTANT WITH THE COSMIC TIME SCALE

In a previous work (ref.[10]), from a modified relativistic dynamics of a particle moving in a thermal background field, it has been shown the dependence of the speed of light with temperature of the expanding universe, given by Eq.(7). So we have found that the energy of a particle moving under the influence of a thermal background field is E = Γ(T )mc^2 = mc^{′2} [Eq.(5)].

Now if we consider the energy of a photon modified by the presence of a background temperature, we write

E = mc^{′2} = pc^′, (8)

where p = mc^′ = mc(T ) = mγ_T c, which represents the modified momentum of the photon.

On the other hand, we already know that the energy of a photon is E = hν = ℏw, where ℏ = h/2π and w = 2πν = 2πc/λ, λ being the wavelength of the photon and ν(= c/λ) being its frequency. Now, if we consider such energy modified by background temperature, we find

E = ℏ^′w^′ = h^′ν^′ = h^′ c^′ λ , (9)

where ν^′ = c^′/λ.

Comparing Eq.(8) to Eq.(9), we write

E = mc^{′2} = λ^{−1}h^′c^′, (10)

or simply

p = mc^′ = λ^{−1}h^′ = λ^{−1}h(T ), (11) which represents the de-Broglie equation for the photon in the presence of the background temperature.

According to Eq.(7), Eq.(11) is written as m(γ_T c) = λ^{−1}h^′. Since both the wavelength λ and the relativistic mass m of the photon are not corrected with temperature, only the constants c and h as global quantities are influenced by the background temperature, so that we have c^′(= γ_T c) and h^′[= h(T )] in Eq.(11). Thus, from Eq.(11), we conclude that the Planck constant should be corrected just as the speed of light in Eq.(7);i.e.,we find

h^′ = h(T ) = γ_T h = h √ 1 −^T_{TP} , (12)

or else ℏ^′ = ℏ(T ) = γ_T ℏ, with ℏ = h/2π. So, from Eq.(11), we find p = m(γ_T c) = λ^{−1}(γ_T h) ⇒ λ = h/mc, in such a way to preserve the de-Broglie equation and thus the wavelength (frequency) of the photon. In the early universe, when T = T_P , h^′ has diverged.

It is known that c^2 = 1/μ_0ϵ_0, where μ_0 is the magnetic permeability of vacuum and ϵ_0 is the electric permittvity of vacuum. Thus, based on Eq.(7), by correcting this relation with temperature, we write

c^{′2} = 1 μ^′_0ϵ^′_0 = c^2 1 −^T_{TP} = 1 μ_0ϵ_0 ( 1 −^T_{TP} ) , (13)

from where we extract

μ^′_0 = μ_0(T ) = μ_0 √ 1 − T T_P , (14) and

ϵ^′_0 = ϵ_0(T ) = ϵ_0 √ 1 − T T_P , (15)

since the electric (ϵ) and magnetic (μ) aspects of radiation are in equal-footing.

Based on the theory of the electron, we write

m_ec^2 = e^2 r_e = q^2_e 4πϵ_0r_e , (16)

where we have e^2 = q^2_e /4πϵ_0. m_ec^2 is the rest energy of the electron and r_e(∼ 10^{−15}m) is its classical radius.

Now, by correcting the electron energy [Eq.(16)] in accordance with Eq.(4), we write

m_ec^{′2} = m_ec^2 1 −^T_{TP} = e^{′2} r_e = q^{′2}_e 4πϵ^′_0r_e , (17)

from where we get e^{′2} = e^2(T ) = e^2 1 −^T_{TP} , (18)

or else q^{′2}_e 4πϵ^′_0 = q^2_e 4πϵ_0 ( 1 −^T_{TP} ) (19)

Inserting Eq.(15) into Eq.(19), we find q^{′2}_e 4πϵ_0 √ 1 −^T_{TP} = q^2_e 4πϵ_0 ( 1 −^T_{TP} ), (20)

which implies that

q^{′2}_e = γ_T q^2_e = q^2_e √ 1 −^T_{TP} , (21)

or

q^′_e = q_e(T ) = q_e √√ 1 −^T_{TP} (22)

The fine structure constant without temperature is α = e^2/ℏc = q^2_e /4πϵ_0ℏc = q^2_e μ_0c/2h. Now by taking into account the background temperature, we have

α(T ) = α^′ = e^{′2} ℏ^′c^′ = q^{′2}_e 4πϵ^′_0ℏ^′c^′ = q^{′2}_e μ^′_0c^′ 2h^′ (23)

Finally, by inserting Eq.(7)(c^′), Eq.(12)(ℏ^′) and Eq.(18)(e^{′2}) into Eq.(23), or inserting c^′, ℏ^′, ϵ^′_0[Eq.(15)] and q^{′2}_e [Eq.(21)] into Eq.(23), or even inserting c^′, h^′, μ^′_0[Eq.(14)] and q^{′2}_e [Eq.(21)] into Eq.(23), we see that

e^{′2} ℏ^′c^′ = e^2 ℏc , (24)

q^{′2}_e 4πϵ^′_0ℏ^′c^′ = q^2_e 4πϵ_0ℏc (25) and

q^{′2}_e μ^′_0c^′ 2h^′ = q^2_e μ_0c 2h , (26)

that is,

α^′ = α ≈ 1 137.035999037(91)

, (27)

which reveals to us the invariance of the fine structure constant with temperature of the expanding universe and, therefore, its invariance over the cosmological time. IV. CONCLUSIONS

In short, we aimed that, although the universal constants as the speed of light, the Planck constant and the electron charge have been varied with temperature of the universe, the pure number α, which is constructed from these constants is even more fundamental in the sense that it always has remained unchangeable with background temperature related to the cosmological time. Acknowledgedments

I would like to thank Fernando A. Silva, Alisson Xavier, A. C. Amaro de Faria Jr. and Domingos Soares.

[1] J.D. Bekenstein, Phys. Rev. D 25, 1527 (1982). [2] Ph. Brax, C. van de Bruck, A.C. Davis and C.S. Rhodes, Astrophysics and Space Science 283, 627 (2012).

[3] E. Calabrese, E. Menegoni, C.J.A.P. Martins, A. Melchiorri and G. Rocha, Phys. Rev. D 84, 023518 (2011).

[4] A.V. Ivanchik, A.Y. Potekhin and D.A. Varshalovich, Astronomy and Astrophysics 343, 439 (1999).

[5] W. Marciano, Phys. Rev. Lett. 52, 489 (1984). [6] J.K. Webb, J.A. King, M.T. Murphy, V.V. Flambaum, R.F. Carswell and M.B. Bainbridge, Phys. Rev. Lett. 107, 191101 (2011).

[7] L.D. Thong, N.M. Giao, N.T. Hung and T.V. Hung, EPL.87, 69002 (2009).

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

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

[9] 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, 091301 (2001).

[10] C. Nassif and A.C. Amaro de Faria Jr., Phys. Rev. D 86, 027703 (2012): arXiv:gr-qc/1205.2298.

[11] R. Bouchendira, P. Clade, S. Guellati-Khelifa, F. Nez and F. Biraben, Phys. Rev. Lett. 106, 080801 (2011).

[12] E. Cameron and T. Pettitt, arXiv: astroph.CO/1207.6223.

[13] J. Bahcall, W. Sargent and M. Schmidt, The Astrophysical Journal Vol.149, July (1967).

[14] M. T. Murphy, J. K. Webb and V. V. Flambaum, Mon.

Not. Roy. Astron. Soc.,345, 609 (2003).

[15] H. L. Bethlem and W. Ubachs, Faraday Discuss. 142, 25-36 (2009).

[16] C. J. Adler, Am. J. Phys.55, 739 (1987).

[17] R. P. Feynman , R. B. Leighton and M. Sands, The Feynman Lectures on Physics (Addison-Wesley,Reading, MA, 1963), Vol.1.

[18] V. L. Okun , Physics Today 42 No.6, 31 (1989). [19] T. R. Sandin, Am. J. Phys. 59, 1032 (1991). [20] W. Rindler, Introduction to Special Relativity (Clarendon Press, Oxford 1982),pp. 79-80.

[21] W. Rindler, Essential Relativity (Springer, New York, 1977), 2nd ed.

[22] E. F. Taylor and J. A. Wheeler, Spacetime Physics

(W.H.Freeman, New York 1992), 2nd ed.,pp. 246-251. [23] C. Nassif, Int. J. Mod. Phys.D 19, 539 (2010). [24] D. W. Sciama, Mon. Not. R. Astron. Soc.113, 34 (1953). [25] E. Schrödinger, Ann. Phys. (Berlin) 382, 325 (1925). [26] E. Mach , The Science of Mechanics (Open Court, La Salle, 1960).

[27] J. Magueijo and L. Smolin , Phys. Rev. Lett.88, 190403 (2002).