arXiv:1207.6997v1 [physics.gen-ph] 14 Jul 2012

Derivation of the Planck Mass from Gravitational Polarization of the Quantum Vacuum Martin Tajmar^{1, a)} Instiute for Aerospace Engineering, Dresden University of Technology, 01062 Dresden, Germany (Dated: March 2012) The Planck units were originally derived from a dimensional analysis without a deeper understanding of their meaning. It was later believed that these units may provide a link between quantum theory and gravity in a yet to be developed theory of quantum gravity. I propose a model where the Planck units appear naturally by assuming the the quantum vacuum can be gravitationally polarized based on recent work on the gravitational properties of anti-particles. In order to match the observed values, we arrive at Planck particle/antiparticle pairs (micro black holes) with Planck masses that define the gravitational constant in vacuum through gravitational polarization. This gives the Planck mass a new important interpretation as indeed linking quantum fluctuations to gravity by defining the gravitational constant. In addition, a better understanding of why the Planck length is usually associated as the smallest length in nature can be illustrated from another perspective. Keywords: Planck Units, Vacuum Polarization, Gravitational Schwinger Limit

a)Electronic mail: martin.tajmar@tu-dresden.de

I. INTRODUCTION

In his 1899 paper and 1906 book about heat radiation^{1,2}, Planck defined a natural scale from dimensional analysis for time, length and mass composed of physical constants involving only the speed of light c, the gravitational constant G and the (later defined as) reduced Planck constant ℏ given by

m_P = � ℏc G , l_P = � ℏG c^3

, t_P = � ℏG c^5 (1) Later, the Planck mass m_P was given a physical meaning as being the mass of a tiny black hole, which has a Schwarzschild radius approximately equal to its Compton wavelength. The Planck units are believed to be crucial for a quantum theory of gravity, but apart from a dimensional analysis, a deeper understanding of this link from these units is missing and a successful quantum gravity theory is still to be developed^3.

As I will show in this paper, the Planck mass and length appear naturally when the gravitational permittivity and permeability are computed using the latest models of quantum vacuum fluctuations. This gives the Planck units a deeper physical interpretation beyond the original dimensional analysis. It may help to see how gravity and the quantum world may be connected at these scales.

II. GRAVITATIONAL POLARIZATION OF THE QUANTUM VACUUM

In quantum field theory, the vacuum is filled with virtual particle-antiparticle pairs. For example, the electron-positron pairs create electric dipoles, which are polarized in the presence of an electric field. This is called vacuum polarization and plays an important role in charge renormalization. A number of related effects are predicted such as vacuum birefringence using intense magnetic or electric fields (Schwinger critical field) which is presently under investigation using laser beams (e.g.^{4,5}).

Recently, Hajdukovic^{6–8} proposed that the quantum vacuum also contains virtual gravitational dipoles on which an external gravitational field can act. He assumes that the gravitational mass of anti-particles are negative (m_g = −m_g) and that the inertial mass of anti-particles, as known by observation, is positive (m_i = m_i). Negative anti-particle gravitational masses are not ruled out by observation so far and dedicated experiments are planned to investigate this issue (e.g. the AEGIS experiment at CERN^9). In another recept paper, Villata^{10} concludes that negative gravitational masses appear as a prediction of general relativity when CPT is applied. Of course, negative gravitational masses would be the most drastic violation of the weak-equivalence principle possible - but as long as no gravitational experiments with anti-particles have been carried out, it is a theoretical possibility. The properties of anti-gravitational matter is discussed at length in the references give above.

Hajdukovic^{6–8} further assumed, that only virtual pions are important for the gravitational interaction with the vacuum. In his simplified analysis, he assumed a fully gravitational polarized vacuum to explain the Pioneer anomaly as well as dark energy. By calculating the gravitational permittivity of vacuum from the hypothesis of virtual gravitational dipoles only, I can show that not virtual pions but rather virtual Planck particles (with Planck mass) lead to the correct gravitational behaviour. For completeness, we should note that the concept of gravitational vacuum polarization and associated shielding phenomenon were discussed in the literature back in the 1970s and 1980s most notably by Long^{11} and others (e.g.^{12}).

We revisit this subject without any prior assumption of a particular virtual particle or sum of particles and only assume the existance of gravitational dipoles in the quantum vacuum. Then we follow a similar approach as Leuchs et al^{13}, who were able to derive the electric permittivity of vacuum using the polarization of virtual electric dipoles from the vacuum (a similar derivation was recently published by Urban et al^{14}). However, they modeled the virtual electric dipole as a harmonic oscillator in the quasi-static limit that is possible for electrically attracting dipoles but not a priori for gravitationally repulsing gravitational dipoles. We will propose a modified model assuming a negative spring constant.

In our case, the virtual pair starts from the same position and the particles repel each other. The characteristic time that they travel is given by the Heisenberg uncertainty principle and is given by

Δt � ℏ 2ΔE = 1 2ω_0

, (2)

where E = ℏω_0 = 2mc^2 is the rest energy of the virtual dipole and ω_0 is the fundamental resonance frequency associated with the quantum transition. Instead of a sinusoidal solution for the harmonic oscillator, the position of a mass connected to a negative spring constant is given as

x(t) = x_0 · e^{−ωt}(e^{2ω0t} − 1), (3)

where we have assumed that the pair starts a position zero at t = 0. The acceleration is then given by

ẍ(t) = x_0ω^2_0 · e^{−ω0t}(e^{2ω0t} − 1), (4)

Using a Taylor series expansion for the exponential function and setting t = Δt, we can simplify this expression assuming a small Δt to

ẍ(t) � 2x_0ω^2_0(ω_0Δt − ω^2_0Δt^2) � 2x_0ω^3_0Δt = x_0ω^2_0 (5)

It is interesting to note that this result is similar to the harmonic oscillator quasi-static limit as assumed by Leuchs et al^{13}. The force balance under the influence of an external gravitational field g is now given as

mx_0ω^2_0 = mg (6)

We continue by defining the gravitational dipole moment as p_g = mx_0, where m is the mass of the virtual particle and x_0 the displacement that we just derived. Now the gravitational dipole moment is given as

p_g = m ω^2_0 g (7)

The density of dipoles is usually expressed by the fact that a virtual dipole approximately occupies the space given by the reduced Compton wavelength of the virtual particles such that N = 1/�^3 with � = ℏ/mc. We can now express the gravitational polarization of the vacuum P_g = N.p_g as

P_g = N · m ω^2_0 g = m ω^2_0�^3 g (8)

The induced polarization is proportional to the gravitational field g and hence we can assign this proportionality factor to the gravitational permittivity of vacuum P_g = ϵ_g.g (similarily to the electric case, where the polarization is the product of the electric permittivity with the applied electric field P_0 = ϵ_o.E). We can express it as

ϵ_g = m ω^2_0�^3 = m^2 4ℏc (9)

Leuchs et al^{13} noted in their analysis for the electric case, that such an expression must not be due to the contribution from only one particle, and hence the virtual particle mass m may not be the mass of a single particle but the contribution from (in our case) all virtual particle masses. Leuchs et al estimated between 10-90 charged particles contributing to the electric permittivity by comparing their result from a single electron-positron dipole to the known electric constant. For the gravitational polarization contribution, it would be natural to assume that the virtual dipole masses add up to a maximum value limited by their Compton wavelength and the Schwarzschild radius, which of course is the definition of the Planck mass. We will see that this is indeed the case by equalling the gravitational permittivity from our virtual dipole fluctuations in Equ. 9 to the well known permittivity from the Einstein-Maxwell equations, which are derived by liniarizing general relativity in the weak-field approximation^{15,16}. We then get

ϵ_g = m^2 4ℏc = 1 4πG (10)

Solving for the mass of our virtual gravitational dipoles, we get

m = � ℏc Gπ = m_P √ π (11)

The hypothesis of the existance of gravitational dipoles leads us to the conclusion that the strength of the gravitational interaction in vacuum (=gravitational constant) can be expressed as a gravitational polarization of the vacuum from dipoles with Planck masses. The gravitational permittivity can now also be expressed in Planck units as

ϵ_g = m_P πω^2_{0P}l^3_P = m^2_P 4πℏc = 1 4πG (12)

Our model is of course only valid for distances larger than the Planck length l_P. However, there is an interesting difference between the electric and gravitational vacuum polarization as we can point out as follows. In the electric case, vacuum polarization does not play a role at distances larger than the electron Compton wavelength and at field strengths below the Schwinger limit. However, when approaching this distance, electric vacuum polarization becomes noticable as a shielding effect (since non-equal charges attract) and the Coulomb law needs to be modified as first calculated by Uehling^{17} and Serber^{18}. So in fact, the real electric charge value is larger than it seems at macroscopic distances. For the gravitational case, we also expect a modification from Newton’s law when we approach the Planck length but with a different sign resulting in larger than real gravitational field since in this case equal gravitational charges attract. Therefore, the real masses are in fact smaller as obtained by measuring at macroscopic distances.

A fascinating question, of course, is what happens to gravity below the Planck length? Although our model assumes distances larger than l_P, we can point out another interesting difference compared to the electric case. In Leuchs’s model^{13}, the density of virtual dipoles is directly proportional to the electric permittivity/constant ϵ_0 ∝ N. For a scale smaller than the electron-positron pair wavelength, the density of virtual dipoles N = 0 and hence the vacuum contribution inside that scale is zero and only the outside dipoles contribute (i.e. the Uehling potential modification to Coulomb’s law^{17}). For gravity, the situation is different. Here, the virtual dipole density is indirectly proportional to the gravitational constant G ∝ 1/N (see Equs. 8 and 10). When the scale is smaller than l_P and N = 0, the model predicts, that the vacuum contribution inside that scale now is not zero, as in the electric case, but infinite. We may interpret this difference that the Planck length is the smallest length scale in nature bacause an infinite gravitational constant reduces any mass distribution inside that scale to a point.

We can also approach this from another point of view. In the electromagnetic case, the Schwinger limit is the electric field E =^{m2m3}_{eh} � 10^{18}V/m at which the distance between virtual electric dipoles approaches the Compton wavelength. Beyond that length, the virtual particles become real. We can define a similar case for gravity. When the gravitational field become so large that the distance between the fluctuating dipoles approaches the Compton wavelength, we reach a Gravitational Schwinger Limit. The critical gravitational field may be calculated by rearranging Equ. 6 as

x_0 = mg_{critical} mω^2

� � (13)

and we get with using the Planck mass for the fluctuating particles

g_{critical} = mc^3 ℏ = c^4 G = 10^{44} m s^2

(14)

This is similar to the electromagnetic Schwinger limit if we replace the charge with the mass. This critical field is reached at the Schwarzschild radius (=Planck length) of the Planck particle. At distances below the Planck length, the virtual Planck masses (micro Black-holes) would become real. This may also support the few that the Planck length is the smallest length scale in nature protected by a gravitational type Schwinger limit.

III. CONCLUSION

I proposed a model that can derive the Planck units out of the existence of recently proposed fluctuating gravitational dipoles as part of the quantum vacuum. In order to match the observed gravitational constant, the model predicts that Planck particle/anti-particle pairs (micro black holes) exist in the vacuum, which are polarized by a gravitational field, giving the Planck mass an important interpretation beyond just originating from a dimensional analysis.

The model can help to answer also questions such as why the Planck length is usually associated with the smallest length scale in all modern physical theories. Also a gravitational-type Schwinger limit was derived that again illustrates how gravity can become important at small scales.

The Planck mass of the virtual dipoles shows, that not only virtual pions are responsible for gravitational interaction as assumed by Hajdukovic^{6–8}. They may be considered in addition to the Planck particles to account for MOND or dark energy effects. Our Planck mass model predicts, that we are surrounded by large amounts of anti-matter with negative gravitational masses, which may lead to observable effects that should be further explored.

REFERENCES

1M. Planck. über irreversible strahlungsvorgäge. Akad. Wiss. Berlin, Kl. Math.-Phys. Tech., 5:440–480, 1899.

2M. Planck. Vorlesungen über die Theorie der Wärmestrahlung, page 164. J.A. Barth, Leipzig, 1906.

3S. Weinstein and D. Rickles. Quantum gravity. In Edward N. Zalta, editor, The Stanford Encyclopedia of Philosophy. Spring 2011 edition, 2011.

4T. Heinzl, B. Liesfeld, K.-U. Amthor, H. Schwoerer, R. Sauerbrey, and A. Wipf. On the observation of vacuum birefringence. Opt. Commun., 267:318–321, 2006.

5F. Della Valle, G. Di Domenico, U. Gastaldi, E. Milotti, R. Pengo, G. Ruoso, and G. Zavattini. Towards a direct measurement of vacuum magnetic birefringence: Pvlas achievements. Opt. Commun., 283:4194–4198, 2010.

6D.S. Hajdukovic. On the vacuum fluctuations, pioneer anomaly and modified newtonian dynamics. Astrophys. Space Sci., 330:207–209, 2010.

7D.S. Hajdukovic. On the relation between mass of a pion, fundamental physical constants and cosmological parameters. Europhys. Lett., 89:49001, 2010.

8D.S. Hajdukovic. Is dark matter an illusion created by the gravitational polarization of the quantum vacuum? Astrophys. Space Sci., 334:225–218, 2011.

9A. Kellerbauer et al. Aegis proto-collaboration, proposed antimatter gravity measurement with an antihydrogen beam. Nucl. Instrum. Methods Phys. Res. B, 266:351, 2008.

10M. Villata. Cpt symmetry and antimatter gravity in general relativity. Europhys. Lett., 94:20001, 2011.

11D.R. Long. Vacuum polarization and non-newtonian gravitation. Nuovo Cimento, 55B:252–256, 1980.

12C. Shao-Guang. Does vacuum polarization influence gravitation? Nuovo Cimento, 104B:611– 616, 1989.

13G. Leuchs, A.S. Villar, and L.L.Sanchez-Soto. The quantum vacuum at the foundations of classical electrodynamics. Appl. Phys. B, 100:9–13, 2010.

14M. Urban, F. Couchot, and X. Sarazin. Does the speed of light depend upon the vacuum ?

arXiv:1106.3996v1, 2011.

15M. Tajmar and C.J. de Matos. Coupling of electromagnetism and gravitation in the weak field approximation. J. Theoretics, 3(1), 2001.

16C. Kiefer and C. Weber. On the interaction of mesoscopic quantum systems with gravity. Ann.

Phys., 14:253–278, 2005.

17E.A. Uehling. Polarization effects in the positron theory. Phys. Rev., 48:55–63, 1935. 18R. Serber. Linear modifications in the maxwell field equations. Phys. Rev., 48:49–54, 1935.