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Is the size of the observable universe colour-dependent?
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In this work, we show that vacuum optically behaves like any other refringent material or that light travelling through vacuum experiences some slowing of its velocity, depending on the value of its wavelength.

When a ray of light crosses through a transparent medium, the velocity 𝑣 𝜆 of the electromagnetic wave is slowed to values less than the "speed of light in vacuum, c = 3 10 8 m/s". This slowing is measured through the index of refraction 𝑛 𝜆 = 𝑐 𝑣(𝜆) as a function of the wavelength of the light wave 𝜆.

While crossing through transparent materials, photons induce virtual electronic transitions inside the atoms that pave their way. When the energy of these photons is equal or greater than the band gap of the material, electron-hole pairs are created, and the passing photons disappear in the process. If the energy of the photons is smaller than this band-gap energy, no classical absorption of light can take place without violating the principle of energy conservation. Quantum electrodynamics tells us, though, that the energy of the passing photons is not well defined and that from time to time, one of these photons creates an electron-hole pair not respecting energy conservation.

Quantum electrodynamics further tells us this pair immediately disappears so that, during the full process, energy is conserved. These dual virtual absorption/emission processes are extremely fast but still occur during finite durations. Thus, the "refringent" slowing of the light speed is the result of the time required for virtual pairs of electronic transitions to take place along the path of light crossing a material.

The index of refraction is a direct consequence of the Energy-Time uncertainty relationship1 , in which, for a given photon energy E, a full spectrum of possible energies spreads around, its width being inversely proportional to some specific duration ΔE. Δt ≥ ħ/2.

(1)

If the uncertainty regarding the energy value of the passing photons is large enough, some absorption can take place at the margin of the energy spectrum, creating one electron-hole pair. The uncertainty relationship tells us the created pair evolves during a duration respecting the above inequality (1). The closer the energy of the photons is from a resonance, the larger the lifetime of a virtual pair created inside a material.

Photons are coherently forward scattered by these pairs, and each scattering process via the creation of virtual electron-hole pairs delays the propagation of the associated wave.

The situation in a vacuum is similar to the one encountered in transparent materials, at least around the energy of the annihilation of an electron-positron pair. This annihilation produces two photons with energy of 511 keV. Therefore, one photon travelling in a vacuum has a non-zero probability to interact with some vacuum fluctuation with the same energy and create an elusive virtual material pair. Let us consider one photon with an energy discrepancy ΔE = 5. 10 ! 𝑒𝑉, with the energy needed for creating an electronpositron pair. From inequation (1), the corresponding lifetime of a created pair is quite short, being at least equal to Δt ≈ 0.66 10 !!" 𝑠, a few tenths of an attosecond. Such a gamma photon travelling in a vacuum is permanently coherently forward scattered by short-lived material pairs. Photons in the visible range can, in principle, create electronpositron virtual pairs, but in that case, the probability of creation can be considered negligible. Therefore, visible photons travel at typical light velocity while gamma rays are delayed along their trajectory. This wavelength dependence of the propagation speed is the dispersion of the refraction index. Let us make an estimate of this index.

From considerations about the cosmologic constant 2 , the density of energy in vacuum is = 10 !! 𝐽𝑚 !! . Therefore, by dividing this lineal density by the energy of one gamma photon, one can deduce an order of magnitude regarding the number of virtual pairs encountered by the photon along its path. That figure accounts for 𝑁 = 1.25 * 10 ! 𝑚 !! and induces along every metre a delay 𝜏 = Δ𝑡 * 𝑁 = 8.25 * 10 !!" 𝑠 𝑚 !! .

In a vacuum, photons with energies in the visible range of the electromagnetic spectrum travel across one meter in time δ𝑡 ! = 3.33 * 10 !! 𝑠 𝑚 !! = 3ns, while gamma rays travel this same length in time 𝛿𝑡 ! = δ𝑡 ! -𝜏 = 2.5 * 10 !! 𝑠 𝑚 !! . Therefore, the index of refraction for gamma rays is

𝑛 = !! ! !! ! = 1.33.
It is worth noting this value of the index of refraction in vacuum is comparable to light's index of refraction in the visible range for a transparent material. This is no real surprise, as this result is a transposition of a physical effect from the domain of chemical energies (~1eV) to the domain of nuclear energies (~10 6 eV), where the photon energy and the material pair energy are shifted by the same orders of magnitude.

Let us now consider the fact that quantum electrodynamics predicts3 an energy density for the quantum fluctuations that is as large as 𝑑 !" = 10 !!" 𝐽𝑚 !! . Such a density leads to a giant value for the delay 𝜏 ≈ 10 !" 𝑠𝑚 !! , which in turn leads to a complete stop of the photon. Should one consider that this estimation of the index of refraction of vacuum favours the estimation of the vacuum energy density deduced from the cosmologic constant?

An interesting consequence of the existence of an index of refraction for vacuum is that-around 500 keV, at least-the size of the observable universe is smaller than in the visible range. It shrinks down from D = 13.8 10 9 ly to D/n = 10.4 10 9 ly!
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