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Abstract. One might expect far away from physical black holes that quantum field quantisation
performed in Minkowski space is a good approximation. Indeed, all experimental tests in particle
colliders reveal no deviations so far. Nevertheless, the black holes should leave certain imprints of
their presence in quantum processes. In this paper, we shall discuss several local imprints of small,
primordial evaporating black holes in quantum electrodynamics in the weak gravity regime.
Physically this can be interpreted as being macroscopic manifestations of vacuum fluctuations.
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1. Introduction

In quantum field theory observables are self-adjoint, local operators. These local oper-
ators could be of various nature. In what follows we consider observables corresponding
to the electromagnetic field. Specifically, these could be an electromagnetic wave prop-
agating from an emitter to a receiver and an electrostatic field sourced by a point-like
charge, both being studied in a box of about one-cubic-meter size.

It is a consequence of the requirements needed to formulate a physically acceptable
quantum field theory (e.g., Haag 1996) that quantum operators localised in a certain
space-time region probe the vacuum as if it is a non-empty state. The physical interpre-
tation of this effect can be readily given in terms of the quantum or vacuum fluctuations.
These fluctuations or quantum noise can show up at microscopic as well as macroscopic
scales. The formation of inhomogeneities like galaxies and clusters of galaxies in our uni-
verse is their most remarkable macroscopic manifestation (Mukhanov & Chibisov 1981).

According to the Tomita-Takesaki theorem (Haag 1996), the quantum vacuum satisfies
a Kubo-Martin-Schwinger aka thermal condition with respect to any localised set of the
field operators and a certain one-parametric group of its automorphism. This group could
be of a geometrical as well as non-geometric origin, i.e. generated by a Killing or non-
Killing vector, respectively. The lesson of this is that the quantum vacuum can respond
as a many-particle state which is mainly a property of quantum field operators, rather
than of the vacuum state.

2. Quantum vacuum as plasma-like medium

Vacuum as dielectric. The quantum vacuum possesses a dielectric-like property in the
absence of any external field with one of its observable/measurable manifestation being
a part of the Lamb shift. The “dipoles” of the vacuum are virtual et e~ pairs. This effect
follows from taking into account the one-loop correction to the photon self-energy which
leads to the running electric charge (e.g., Peskin & Schroeder 1995).

Specifically, the full photon propagator in quantum field theory is diagrammatically

279

https://doi.org/10.1017/51743921316012941 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921316012941

280 S. Emelyanov

ANNNNANN + «Oﬂ + higher-loop diagrams . (2.1)

The loop diagrams lead to the modification of the classical field equation. This becomes
in momentum space

given by

(k%w — KR — H’“’(k))ay(k:) = 0, (2.2)

where IT*” (k) is a polarisation tensor vanishing in the limit of the vanishing fine structure
constant a. The gauge symmetry entails 11"V (k) = (k*n*" — k*kV)II(k*). Thus, one
obtains k(1 —II(k?))a* = 0 for the photon (k*a, = 0). The extra factor 1 —II(k?) leads
to the charge renormalisation and, hence, to the modification of the classical Coulomb
interaction at scales of the order of the Compton length of the electron. The resulting
effect is the screening of the charge by the virtual e™ e~ pairs like in a dielectric.

Vacuum as magnetised plasma. Probing the quantum vacuum by studying how an elec-
tromagnetic wave propagates through a spacetime region with a super-strong magnetic
field (B > (m/a)B., where B, = m?/e), the vacuum shows up a property inherent to a
magnetised plasma, i.e. the plasma held at a static external magnetic field (Melrose &
Stoneham 1976 and Dittrich & Gies 2000).

Due to a collective response of the plasma particles being tied to the external magnetic
field lines, the propagation of an electromagnetic wave is significantly dependent on its
polarisation (e.g., Bittencourt 2004). Specifically, an electromagnetic wave polarised in
the direction coplanar to the plane defined by its spreading direction k and the external
magnetic field B propagates along the magnetic field lines. This is known as the Alfvén
wave.

The external magnetic field B in the vacuum entails the modification of the vacuum
polarisation tensor II*” (k, B) which becomes non-diagonal. This is due to B # 0 which
enters the field equations and, hence, modifies the electron and photon propagator. At
one-loop approximation it turns out that a light wave polarised in the direction perpen-
dicular to the plane defined by k and B is oblivious to the external magnetic field, i.e.
w? = |k|?. This resembles a behaviour of the fast magneto-acoustic wave in case of the
Alfvén velocity vqg = |B|//4mp > 1, where p is a plasma-like density of the vacuum.
If the polarisation vector a, is coplanar to that plane, then, as it was found by Mel-
rose & Stoneham (1976), w? = |k|? cos® f, where 6 is an angle between k and B. This
corresponds to the Alfvén wave in case the condition v4 > 1 is fulfilled.

Vacuum as neutral plasma. The quantum vacuum responds non-trivially in the back-
ground of evaporating black holes, namely it acquires plasma-like properties (Emelyanov
2016a).

To demonstrate the effect, one needs to compute the vacuum polarisation tensor. It
must depend a priori on a mass M of the hole and a distance R to its centre. The former
dependence arises since when M = 0 the problem reduces to that in flat space-time. The
latter one is, however, due to our expectation that local physics in the asymptotically
flat region (R — oo) should reduce to the familiar Minkowskian one.

A part of the tensor II*”(k, M, R) was computed at one-loop level by Drummond &
Hathrell (1980). However, it gets an extra term due to the quantum effect entailing
the black-hole evaporation. Specifically for the semi-classical theory be reliable, a field
operator in the background of any black hole should be expanded over modes in which
the vacuum expectation value of stress tensor does not diverge on the (future) horizon.
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This yields the electron propagator in momentum space of the following form

i 27r2,\ 8(k* —m?2)
S(k,K) ~ (“m@)<k2_mg+i5_2”(1632>eko/m+1 Sk — k), (2.3)

where Ty = M2, /87 M is Hawking’s parameter, Mp) = (i/G)? the Planck mass, rg =
2MG a size of the black-hole horizon. We have omitted in (2.3) terms of sub-leading
order vanishing as 1/R? at the spatial infinity. The propagator (2.3) is valid only for
|r — '] < R and ry < R (Emelyanov 2016a & 2016b). We should mention that it is
legitimate in this regime to employ flat coordinates as space-time is locally Minkowski.

The geometrical part of 11" (k, M, R) drops out at least as fast as 1/R? at spatial
infinity, whereas its vacuum part vanishes as 1/R? as can be seen in (2.3). Therefore, the
main contribution to II*¥(k, M, R) is due to the second term in (2.3).

The modification of the electron propagator has a thermal-like structure. In case of
a large black hole (m, > Ty ) the one-loop self-energy of the photon is exponentially
suppressed by the Boltzmann factor exp(—m, /Ty ). Therefore, we consider a small black
hole with T >> m, in the following. This corresponds to the black-hole mass M < 106 g
and, thus, justifies the hard thermal loop approximation (e.g., Le Bellac 1996) in which
one can omit the electron mass m. as being negligible with respect to the temperature
parameter T .

At one-loop level the photon propagator acquires two poles. One of these corresponds to
a transverse mode, the photon, with w? = |k|? + 77 (w, |k|), another one to a longitudinal
mode with w? = |k|? + 7 (w, |k|) which is known as a plasmon. The functions 77 (w, [k|)
and 7y (w, |k|) are the same as found by Weldon (1982), but with the temperature

38, In
6r R
where Lp; = (hG)? is the Planck length (Emelyanov 2016a). In the leading-order ap-
proximation 77, does not directly depend on the mass M of the black hole. The quantum
vacuum unlike a physical hot plasma described by o and T' (but not, e.g., by a particle
density n) is effectively also characterised by Tj, which unlike Ty plays a major role in
local physics.

The wavelength of the mode has to be much smaller than the distance to the black hole.
Moreover, it must be much smaller than a detector size Ip. This implies m?/eTy > ||
and k| > 1/lp > 10°w,, where w, = %eTL is a plasma-like frequency (Emelyanov
2016a) and the upper threshold is to suppress higher loop corrections (Emelyanov 2016¢
& 2016a). In this case, plasmons are not propagating modes (Le Bellac 1996), whereas
photons acquire an effective mass

T (2.4)

Q

\/iéeTL ~ 2.5x107° (?) eV. (2.5)
In the physical plasma, plasmons are quasi-particles, i.e. collective excitations mediated
by plasma particles. In our case, the vacuum is full of virtual particles, rather than real
ones. Thus, the result of having no plasmons seems to be physically sensible.

A static electric field E sourced by a point-like charge ¢ is screened in the physical
plasma - a phenomenon known as the Debye screening. This effect is due to a collective
response of the plasma particles on putting the charge ¢ in the system. The linear response
theory in our case yields a similar result, namely E = —V¢ with the electromagnetic
potential p = (¢/r)e™"/" | where

My

rp = (V2m,)”' &~ 35x10°R. (2.6)
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Thus, the Debye-like length 7 is much bigger than R. It means the screening is a tiny
effect, because Ip <« R should hold for our approximation be reliable (at distances
|r —r'| 2 R the propagator (2.3) is invalid). With the technology of Williams et al.
(1971) this can in principle be tested if such small black holes do exist in nature and
one of them is within R < 250km from the detector. For a practical purpose, however,
the probability of having such a black hole per cubic centimeter should be estimated to
decide whether it is realistic to probe this effect during a reasonable amount of time.

If the black-hole evaporation lasts till its complete disappearance, then we should set a
lower bound on the black-hole mass M to guarantee the quasi-equilibrium approximation
we have exploited above. It would be of order of 10!° g corresponding to the black-hole
lifetime of one day. The initial mass of this primordial hole (i.e. 10!° years ago) should be
in the range 3x10'* g < M, < 10'0 g, which corresponds to 10’ g < M < 10'6 g today.

3. Discussions

We have considered three examples when the quantum vacuum can be envisaged as
possessing medium-like properties. The virtual particles were understood as constituents
of the vacuum like the real particles of ordinary media - the point of view which seems
to be widely-accepted by the researchers.

As with any analogy, this viewpoint cannot be taken literally. Indeed, the real particles
can transfer energy, whereas the virtual particles seem not be capable of doing that,
because these are just fluctuations, although quantum in nature.

To clarify this aspect of the quantum fluctuations, one may put an extra conducting
plate between the Casimir plates. It may be taken to be freely moving and at the distance
lc/2 from each plates at ¢ < 0. Its motion is however fixed by v(t) =v0(t)0(t — 7) < 1.
It follows from energy conservation that a part of the vacuum energy in both cavities
will by absorbed by the middle plate during its motion. In other words, the vacuum
energy is partially dissipated in the middle plate and partially redistributed between the
cavities. The dissipative part could result in heating of the middle plate with an increase
in temperature of AT oc V(v7)?/l% in case v7 < l¢, where V is its volume. This
gedankenezxperiment might imply the virtual particles are capable of transferring energy.
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