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Abstract: The vacuum polarization effects in superstrong Coulomb and laser fields are considered from the point of view of the generalized quantum
dynamics formalism. The vacuum decay time in superstrong electromagnetic field is discussed.
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Vacuum polarization in strong electromagnetic fields

A photon carries energy E.

If E>2mc? (Schwinger field/Supercritical fieid), real electron-positiron pair
creation becomes possible.

!':i , E+2mcZ+E, =0

A virtual pair is separated by more than a Comptonwavelengthduring its
lifetime which is defined by the uncertaintyreiation

Af ~ kAl mc

For this the electric field strength of ikt
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Heavy ion collisions.
Darmstadt, Germany, the 807 of the XX century (www.gsi.de)

Superheavy nuclei with the proton number />173
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New structure in the
Positron kinetic
energy spectrum:

Gersiner // Nature. - 2007. - V.446. - P. 16-18.
imer W., Miller B., Rafeiski J. Quantum Electrodynamics of strong fields. Beriin Heidelberg: Springer-




Discussing the standard approach to solving
the problem of unstable vacuum in the field of
a superheavy nucleus.

Representing a new approach to solving
this problem and description of the
obtained results



The diving of the ground electron state in the field of a
superheavy nucleus

(ca-p+mc Pw(ir) = [ I —Fir ')] w(r)

The pasitive energy CoOnImuum

The negative energy COMInMuuIT

+2me” +E, =0

bound

Greiner, B. Miiller, J. Rafelski Quantum Electrodynamics of strong fields /



Spontaneocus electron-positron pair creation

Schematic shape of the positron spectrum obtained during the
collision of two nuclei with the total charge Z>173.

Spontaneous posifron

emission line

This line is predicted fo be observed
only in the collisions of heavy nuclei.
whose fotal charge is overcritical

mmeram ey { : == Dynamically created
positrons
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Distinct positron lines must be observed C‘&%Ré,

only in collisions of supercritical nuclei. - ’ =
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The energy distribution of the dived electron ground state obtained by
solvingthe Dirac equation.
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The eigenstates of
the critical
Hamiltonian are
stable.

it is supposed that the eigenstates of the supercritical Hamiitonian may
be represented in the basis of the eigenstates of the critical Hamiltonian

e

[ b (EWZ (x)dE’
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Wz (x)=a(Ew; (x)+
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The energy distribution of the dived electron ground state obtained by
solving the Dirac equation.

v (x)=alEWw _(x)+ |A-(E)w_(x)dE’

The first expansion coefficient
defines the probability to find
an electron in the former 1s
state

=48 keV E—

The lifetime of a combined
nucleus is estimated by
nuclear physics to be about

Gremer, B. Miller, J. Rafelski Quantum Electrodynamics of strong fields / Berlin Heidelberg:
ringer-Veriag, 1985.




Essential remarks

1. Electron bound states in the field of a superheavy
nucleus are described by an energy distribution, that
means that they are unstable and therefore they cannot be
regarded as the eigenvectors of any Hamiltonian.

2. The Dirac equation describes one-electron state,
rather than the vacuum state. All the resuits presented
above refer exactly to the filled one-electron state,
when the creation of electron-positron pair from the

vacuum is forbidden according to the Pauli principle.

3. The problem is that still no equation exists which
describes the evolution of the vacuum.




‘Generalized quantum dynamlcs (GQD)

—— i -
Feynman superposition Postulate, that the states of a
principle guantum system are described

by vectors on a Hilbert space

In the case of instantaneous interactions both approaches lead to the same
resuits. Our formalism is more general and is valid even for the systems for
which no Hamiltonian can be constructed.

The general:zed dynamical equatim { GDE)

1[{::}— M(z,)=(z, —= H[(: )(r t:-}& {:._}1[{- )

Z M (=, }(r (:,}fr‘,._ i {:_}U(:.__}(r : {:._11[1— -

Boundary
conditions




For the case of one bound electron in the field of
superheavy necleus these equation lock as follows:

daM(z)
dz
v, M(Ow,” Xw,” IM(2)

F—E —C. ()

'a (er)
l}) 71

tnutdmcv R Kh. Nuniucaimteractmns and quantum dynamics / R. Kh. Gainuidinov // J. Phys.
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The solution of the generalized dynamical equation

The small parameter:

With the accuracy up to the relative order

RO R (V4 |1
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With the accuracy
up to the relative
order the
energy
distributionis of
the Lorentz form.

Our resuits
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Vacuum polarization in the field of a bare supercritical
nucleus

f(__[:] , i T .
= M(=. NG, () M(z)

d=

With the boundary condition

where S CORNE s

We need to find the matrixelement

— ———

Cy =(N.q[C()|N.q)

hichis just the energy of the interaction of the bare nucleus with the vacuum.
| corresponds to the state of a bare nucleus, i.e. the electron-

psitron vacuum

The Green operator
in the Furry Picture




Vacuum polarization in the field of a bare supercritical
nucleus
d(Ey.q/C\(2)|Ey.q)

d=

Positron

—

i | P--5-

Photon H"“““\H_Ef_'i“d EimyPhotnn

I'I (p.-s.))
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The estimation of the stable vacuum lifetime

The energy distribution of the unstable vacuum is given by the relation:

As C(z) is shown to have both real and imaginary parts, we can
rewrite this equation in the following form:

1

The numerical analysis of the Generalized dynamical equation shows
that the quantity C(z) is of the order of the electron mass:

Ly ~=

The stable vacuum
fifetime is of the order
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2. The approach of generalized quantum dynamics allows to describe
consistently the process of the vacuum decay in the supercritical field.

The estimation of the stable vacuum lifetime based on our approach are ina
better agreement with the nuclear physics estimation of the combined
nucleus lifetime.

But at the same time a smaller lifetime means a much greater width of the

state, what will make the experimental detection essentially more
complicated.
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