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Abstract: This paper explores the distinction between virtual and real photons in the context
of the Davies quantum relativistic extension of the Wheeler-Feynman classical electromagnetic
theory. An alternative way of understanding this distinction is proposed, based on the
transactional picture as ﬁrst proposed by Cramer. It is noted that this proposed account of the
relationship between virtual and real photons might have empirically detectable consequences.
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1.

Introduction

This paper is devoted to exploring the subtle issue of the distinction between virtual
photons and real photons, with speciﬁc reference to the Davies quantum electrodynamics
extension of the Wheeler-Feynman classical electromagnetic theory ((Davies 1970, 1971,
1972; Wheeler and Feynman 1945, 1949). I ﬁrst brieﬂy review the W-F theory, its
application to the Transactional Interpretation of John G. Cramer (1986), and Davies’
extension of the WF theory. I then suggest a slightly diﬀerent approach from Davies
in understanding the distinction between real and virtual photons in light of my recent
application of his theory to the extension of the Transactional Interpretation into the
relativistic domain. Finally, I point out the possibility that this alternative understanding
of the real/virtual photon distinction might have empirically detectable consequences and
could thus serve as a test of my proposal.
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The Wheeler-Feynman theory

The Wheeler-Feynman (‘WF’) theory proposes that radiation is fundamentally a timesymmetric process: a charge emits a ﬁeld in the form of half-retarded, half-advanced
solutions to the wave equation, and the response of absorbers combines with that primary
ﬁeld to create a radiative process that transfers energy from an emitter to an absorber.
Speciﬁcally, when a given source emits its time-symmetric ﬁeld, other charges respond to
that ﬁeld by emitting their own time- symmetric ﬁeld, but exactly out of phase with the
stimulating ﬁeld. Using the additivity of radiation ﬁelds, Wheeler and Feynman show
that, if the universe is a ‘light-tight box’2 , the overall advanced response (‘echo’) of all
absorbers to the retarded radiation from any particular emitter amounts to precisely the
same ﬁeld as that original half-strength retarded radiation ﬁeld from the emitter.
The above process results in two distinct eﬀects: (1) The two ﬁelds add; thus the
retarded ﬁeld from the source attains full strength and the advanced components cancel.
(2) In addition, the absorber response provides for a ‘free ﬁeld’ component that must be
assumed in an ad hoc manner in the standard theory (which assumes that the source emits
only a retarded ﬁeld ) in order to account for the loss of energy by a radiating charge.3
This two-fold process, wherein the advanced ﬁeld from the absorber (1) superimposes
constructively with the retarded ﬁeld of an emitter and (2) provides for energy transfer
from the emitter to the absorber, forms the basis for the ‘transaction’ in TI.

3.

The Davies Theory

Davies (1970, 1971, 1972) presented an extension of the Wheeler-Feynman time- symmetric theory of electromagnetism to the quantum relativistic domain. This theory followed
the basic Wheeler-Feynman method by introducing a boundary condition of a perfectly
absorbing future universe in order to argue that the ﬁeld due to a particular emitting
point charge could be seen as composed of equal parts retarded radiation from the charge
and advanced radiation from the absorbing systems.
The Davies papers demonstrate that the ﬁeld due to a particular emitting current
μ
j(i) (x) can be seen as composed of equal parts retarded radiation from the emitting
current and advanced radiation from absorbers. Using an S-matrix formulation, Davies
replaces the action operator of standard QED ,

μ
(x)Aμ (x)
(1)
J=
dxj(i)
i

(where Aμ is the standard quantized electromagnetic ﬁeld), with an action derived from
2

This means that any emitted radiation is fully absorbed; no retarded radiation escapes to future
inﬁnity.
3
The ‘free ﬁeld’ is the diﬀerence of the retarded and advanced solutions. It has the properties of a ﬁeld
that does not arise from (or converge onto) a source (or sink), but simply exists independently. As such
it is a solution to the homogeneous equation for the ﬁeld.
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a direct current-to-current interaction,4
1
J =−
2 i,j


μ
dxdyj(i)
(x)DF (x − y)j(j)μ (y),

(2)

where DF (x − y) is the Feynman photon propagator. (This general expression includes
both distinguishable and indistinguishable currents.)
While DF (x − y) imposes explicit temporal asymmetry in that it only allows positive
frequencies to propagate into the future, Davies shows that for a ‘light-tight box’ (i.e.,
no free ﬁelds), the Feynman propagator can be replaced by the time-symmetric propa

gator D̄(x) = 12 Dret (x) + Dadv (x) , where the terms in the sum are the retarded and
advanced Green’s functions (solutions to the inhomogeneous wave equation); therefore
the Davies theory and the standard theory are equivalent,at the level of the basic ﬁeld
propagation,5 under these boundary conditions. This shows that the ‘arrow of time’ can
arise from speciﬁc boundary conditions rather than needing to be imposed on the basic
propagation of the ﬁelds themselves.
The work by Davies provides a natural theoretical basis for the extension of the
Transactional Interpretation (TI) of Cramer (1980, 1986) into the relativistic domain;
this was presented in Kastner (2012a, b) in terms of a ‘possibilist’ ontology (Possibilist
Transactional Interpretation, ‘PTI’). While the electromagnetic ﬁeld is not quantized in
Davies’ direct-action theory, the latter can readily be studied in the ‘Feynman diagram’
technique provided that the virtual (internal) lines are understood as described by the
time-symmetric propagator rather than by the Feynman propagator, and the ‘external
lines’ are understood as ‘real particles’ which have been emitted with certainty and have
received an absorber response (the external emitters/absorbers not being included in the
diagram). In contrast, an internal line represents a virtual particle with an amplitude
less than unity (i.e., the coupling constant) for both emission and absorption.6
4

That these expressions are equivalent is proved in Davies (1971) and reviewed in (1972).
The Dirac theory of 1970-72 is formally equivalent to standard QED when absorption is assumed to
occur universally. However, it readily allows for a transactional interpretation in which it is only for
‘real’ photons that there is an absorber response. This breaks the equivalence and could give rise to
slightly diﬀerent empirical predictions for situations with strong coupling amplitudes. This possibility is
explored in Section 6.
6
It has been noted by an anonymous critic that the Davies theory is not Cauchy-complete. That is, there
is no Cauchy complete inner product state space, i.e., Hilbert or Fock Space, for the basic propagating
ﬁeld. This is just another way of saying that the ﬁeld is not quantized. But this is not a problem,
especially in view of the possibility explored herein—that the virtual quanta (propagators) are subject
to elevation into entities describable by a complete (Hilbert or Fock) space. It may also of course be
noted that the ‘virtual particles’ of standard QED are not elements of a Cauchy-complete state space
either, but these are also crucial components of the standard theory. Furthermore, at the meta-level,
there is no compelling reason to assume that the physical universe has a Cauchy-complete structure, and
to require on that basis that any ﬁeld theory must be Cauchy-complete, especially in view of Gödel’s
Incompleteness Theorem.
5
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Virtual vs. Real Photons

I begin this section by quoting from Davies (1972), for his discussion raises a subtle issue
that it is argued here needs a slightly diﬀerent solution than the one he proposes.
“When we quantize the free electromagnetic ﬁeld, we build up a Fock space out of
states containing all numbers of photons. These photons obey the relation k 2 = 0. and,
by the uncertainty principle, have an inﬁnite lifetime. When the ﬁeld is coupled to its
sources, we allow for photons to be created and annihilated. If a photon is created at
t = 0, and destroyed at t = T, we expect that it will lie oﬀ the energy shell (ie that
k 2 = 0)for ﬁnite T. We say that such photons are virtual. However, this simple picture
can be very misleading and confusing. . . ” (Davies 1972, p.1027)
Davies then recalls his proof (Davies 1971) that his theory using the time-symmetric
propagator and assuming full ultimate absorption (light-tight box) conditions is equivalent to standard QED with the Feynman propagator, as expressed in the following
equivalence for the Scattering matrix,
 

1
J(x)DF (x − y)J(y)dxdy) (3)
<0|P exp(−i
J(x)A(x) dx |0> = P exp ( i
2
(with P the time-ordering operator).He then notes:
“By taking the [photon vacuum expectation value on the left-hand side of (3)] we
indicate that the system has no real photons at t = +/ − ∞ . However, let us examine
the photon propagator DF in detail. A Fourier decomposition gives

 
1
PP
2
DF (x) =
− iπδ(k ) eikx dk = D̄ + D1
(4)
4
2
(2π)
k
where PP is the principal part. The D̄ part (bound ﬁeld) leads to the real principal
part term which describes virtual photons (k 2 = 0), whilst the imaginary D1 (free
ﬁeld)describes photons with k 2 =0, that is, real photons, through the δ function term. ..
But how do we reconcile the notion of a real photon as an internal line in the Feynman
diagram with the uncertainty principle? In other words, how can a real photon, which
ought to have an inﬁnite life time, be emitted and reabsorbed. . . .? (ibid.)
Davies goes on to argue that both virtual and real photons can carry real energy, and
that all ‘real’ photons have existed since t = −∞. However, while the basic formulation of
Davies’ proposal is sound, this part of his argument is less convincing. The present author
would like to suggest that it is not realistic to restrict the deﬁnition of a ‘real’ photon
only to photons with an inﬁnite lifetime. A more natural distinction between real and
virtual photons is that a real photon is one that transfers empirically detectable energy,
while virtual photons do not. Indeed the situation has a much more natural explanation
in the transactional picture. In that picture, the response of the absorber is what gives
rise to the ‘free ﬁeld’ that in the quantum domain is considered a ‘real photon’. So the
‘realness’ of the photon is deﬁned in the transactional picture not by an inﬁnite lifetime –
which, in reality, is practically never obtained – but rather by the presence of an absorber
response. This response is what can give rise (through an actualized transaction) to a
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real photon with the ability to convey empirically detectable energy from one place to
another, which is the function of the free ﬁeld. That is, the idea that a ‘real’ photon must
always have exactly zero rest mass is an idealization.
Thus, according to PTI, ‘virtual’ photons are those that do not convey empirically
detectable energy between their source currents. In the Davies theory, these are described
by the time-symmetric propagator D̄, indicating that for virtual photons there is no
absorber response. These virtual connections between currents (vertices in Feynman
√
diagrams) are characterized by a coupling constant; in QED, it is α = e, the unit
electric charge (in natural units).As observed in Kastner (2012a,b), the coupling constant
is the amplitude for a charged particle to emit a photon. When generalized to the
transactional picture, the coupling constant characterizes both the amplitude to emit an
‘oﬀer wave’ (the usual quantum state) and the amplitude to generate a ‘conﬁrmation
wave’ (the advanced/dual quantum state). So in a typical Feynman diagram with a
photon propagator (see Figure 1), both vertices express the possibility of emission of an
oﬀer and conﬁrmation wave. The virtual photon, in the transactional picture, is just this
nascent possibility of a transaction between two currents—but one that was not realized. A
transaction is only attainable for virtual photons that satisfy the energy and momentum
conservation constraints for the initial and ﬁnal states of the system. Quantitatively, the
probability of a transaction is α(the square of the coupling constant), times the square of
the relevant matrix element. If such a transaction occurs, the virtual photon is elevated
to a real photon, since it transfers real, positive energy from one object to another.
This solves the puzzle referred to by Davies, wherein the Feynman propagator – characterizing a current-current interaction thought of as only mediated by virtual photons
(the symmetric part of the propagator, D̄) – contains the possibility of a real photon (the
positive energy part of the propagator, D1 ) . The latter is there in the presence of an absorber response because it represents the possibility of a transaction, as described above;
and the ‘real photon’ is just the actualized transaction.In standard quantum ﬁeld theory,
the Feynman propagator is a hybrid form that has to include both internal (virtual) propagation and the possibility of real propagation, because it has no way of distinguishing
between the two at the level of basic ﬁeld propagation. In contrast, the direct-action
picture can distinguish these two situations by describing genuinely internal (virtual)
propagation by the time-symmetric propagator D̄, while the real photon, which can be
described as a ‘free ﬁeld’ D1 from the standpoint of quantum ﬁeld theory, arises only in
the context of an absorber response. This account is not clearly stated in Davies’ presentations because his aim is to show the equivalence between the two theories, and his focus
is on showing that including responses from absorbers provides for this equivalence. So
in his analysis, he implicitly assumes that there is always absorber response, even though
this is not the case for virtual photons. (However he does note that genuinely internal
photons are in fact described only by the time-symmetric propagator in his direct action
picture.)
In scattering experiments such as the Bhabha scattering depicted in Figure 1, virtual
photons give rise to forces between currents (‘elastic collisions’ of the charges). In general,

80

Electronic Journal of Theoretical Physics 11, No. 30 (2014) 75–86

Fig. 1 A virtual photon tied to an electron and positron current.

such virtual photons do not satisfy energy conservation. As discussed above, according
to the transactional picture, there is a small chance, proportional to α ∼ (1/137), that
if one of the virtual photons satisﬁed energy/momentum conservation for the process,
it could be elevated to a ‘real’ photon via an actualized transaction. This would result
in inelastic scattering, i.e., real energy would be deducted from one charge and added to
the other. The actual probability of such a process is much smaller than α since it is
also contingent on the energy of the initially virtual photon satisfying the conservation
laws. However, it is a real predicted eﬀect that could, in principle, be detected in the
laboratory.

5.

Energy Level Shifts

The interpretation of virtual photons as entities subject to ‘promotion’ into real photons
by way of transactions provides a natural way to understand certain computations in relativistic quantum mechanics that can seem rather artiﬁcial. For example, Sakurai (1973,
Section 2-8) discusses a standard perturbative method of calculating the energy shift of
a level in the hydrogen atom. (See Figure 2.) An electron in an unstable excited state
A undergoes self-interaction by emitting and absorbing virtual photons. The emission
of a virtual photon places the electron brieﬂy in a diﬀerent intermediate state I. The
perturbation involves calculating the matrix elements corresponding to emission and absorption of the virtual photons.This gives rise to an integral whose integrand (of the usual
form exhibiting the time-dependence of a quantum state, ∼ exp (-iEt)), is an oscillating
function of the variable of integration (t) and whose value is therefore indeﬁnite. In order
for the integral to converge, a small positive imaginary quantity (iε) must be added to
the energy, so that the integrand becomes of the form ∼ exp (-iEt) exp(-εt). Then the
integral may be evaluated, yielding an energy shift with a real and imaginary part. The
real part is the value of the level shift, while the imaginary part is the decay rate of the
level – which resulted from the apparently ad hoc addition of (iε). Note that both these
quantities – the level shift and the decay rate – are observable aspects of atomic levels
that can be checked in the laboratory. Yet in order to get the physically valid decay
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rate, one has had to put in ‘by hand’ an imaginary quantity (iε) whose only apparent
justiﬁcation was to make an integral whose value was undeﬁned more ‘well-behaved.’
Why should this ad hoc mathematical maneuver have any observable, veriﬁable physical
content?
The puzzle is answered by the transactional picture: the integral may be evaluated
not because of an ad hoc mathematical maneuver but because there are, in fact, real
photons involved in the process whose existence requires the quantity (iε). As discussed
in Section 4, there is a probability of α that a virtual photon of energy hν, satisfying
energy conservation, will be elevated to the status of a real photon. This can only come
about via three distinct processes: (i) a photon ‘oﬀer wave’ |hν>is emitted at one vertex
√
(with amplitude α), and absorbed at the other vertex; (ii) an advanced conﬁrmation
√
wave <hν|is generated at the ‘absorbing’ vertex, (also with amplitude α ); iii) the
incipient transaction, with weight α, is actualized (with probability α). Steps (ii) and
(iii) can only occur for photons satisfying energy and momentum conservation.

Fig. 2 (a) Self—action of an electron in atomic level A; (b) A virtual photon is elevated into a
real photon through the decay process.

Let us consider this process in more detail with reference to Figure 2. In this case, we
are considering a hydrogen atom with a single electron in an arbitrary excited state; the
electron in the potential of the nucleus is represented by a double line. Figure 2(a) depicts
how the electron, initially in state A, is continually emitting and re-absorbing virtual
photons. These are not actualized transactions, but only the possible emission and re√
absorption of oﬀer waves. Each vertex carries a factor of α and there is a time-symmetric
photon propagator −iD̄(x − y)gμυ connecting them.7 The propagator describes process (i)
7

According to the Davies theory, these are time-symmetric, nonquantized ﬁelds, so the VEV expression
of standard QED, <0|Aν (y)Aμ (x) |0>, is replaced by the explicit time-symmetric propagator. The
use of Feynman diagrams in connection with the Davies theory is legitimate: Davies (1972) applies
his formulation explicitly to Feynman diagrams, and discusses in particular the lowest order self-action
Feynman diagram in terms of emission and absorption by the same current (although that ‘current’ in
his Figure 4 represents all the currents in a light-tight box). He analyzes the emission of a photon by
one current A and its absorption by a diﬀerent current B by summing over a complete set of ‘ﬁctitious
photons’. This technique is necessary in his picture since he does not include the transactional process,
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above. Since according to the Davies theory the process is time-symmetric, there is no fact
of the matter about whether x or y is ‘earlier.’(In fact, this makes the approach simpler by
not attempting to impose temporal order at the virtual propagation level.)This process
contributes to the relativistic shift of the energy level, which is obtained by summing over
such virtual photon contributions for all intermediate levels corresponding to arbitrary
photon energies.
If the intermediate state I is an allowable lower-energy state for the electron, a process
such as depicted in Figure 2(b) becomes possible. Recall (see equation (3)) that in the
Davies theory, the ﬁeldAμ (x)is replaced by a direct interaction between currents (DF (x-y)
J(y)) 8 .In the transactional picture, a photon oﬀer wave whose 4-momentum satisﬁes the
conservations laws generates a conﬁrmation (“response of the absorber”) from at least
on electron current external to the atom, depicted in Figure 2(b) as starting out in state
B. This corresponds to process (ii) above, and(in terms of the amplitude of the process)
contributes a factor of the complex conjugate of the propagator (i.e., “negative frequency
√
part”) times α. Finally, process (iii) may occur with a probability corresponding to
both the above factors, where now x0 <y 0 since the energy is transferred by way of the
retarded, positive ‘free ﬁeld’ D+ (y − x) (cf. Davies 1971, eqn (6), where x0 <y 0 )9 . This
corresponds to the standard decay rate ∼ α|< 0 | Aν (y)Aμ (x) | 0 >|2 for an unstable
atomic level when the photon propagator is part of the perturbation operating on the
initial electron state A and resulting in the ﬁnal state I (i.e. with zero free photons in
the initial and ﬁnal states).
It is worth noting that despite the fact that both the expression for the energy level
shift ΔEA of a level A and for the decay rate ΓA of level A to level I involve the absolute


| I >, where HAI
is the perturbing
square of a transition amplitude (generically < A | HAI
Hamiltonian between the two states), this quantity has a diﬀerent physical meaning in
each of the two applications.
As noted above, for virtual photons as depicted in Fig. 2(a), there are virtual transitions
of the electron from state A to stateI and back again (A → I → A ) based on the unitary
action of the perturbing Hamiltonian on the electron state (oﬀer wave), but no conﬁrmations that could give rise to a transaction and resulting (nonunitary) real photon (i.e.,
real transfer of energy). The quantities representing the ﬁrst process are therefore just
products of successive amplitudes, divided by the diﬀerence between the energy diﬀerence of the two states and the energy of the virtual photon, so that the overall transition
which itself establishes independence of the emission and absorption. In the transactional picture one
simply notes that the absorption is accompanied by an absorber response, and it is the latter that
establishes temporal order. The actualization of a transaction is inherently unpredictable, but where
such a process takes place, there is no need to sum over a set of ﬁctitious photons to establish the
independence of the emission and the absorption.
8
Recall that the Feynman propagator, as opposed to the time-symmetric propagator, is only explicitly
necessary if there are ‘real’ photons present. In our approach these are just the actualized transactions.
9
Note that the ‘free ﬁeld’ part results from the sum of the retarded and advanced ﬁelds from all
responding absorbers, even though only one actually receives the real energy conveyed by the free ﬁeld.
Cf. Davies (1971, eqn (28)).
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amplitude A → I → A is diminished in proportion to the degree to which energy conservation is violated. In contrast, the process depicted in Fig. 2(b) involves conﬁrmation of
an oﬀer wave and resulting incipient transaction, a non-unitary process: A ⇔ I.
Consider once more the presentation in Sakurai (1973, Section 2.8) in which a small
imaginary quantity iε is added to the energy Ein the phase of the integrand, formally as
follows10 :
exp(i(E + iε)t = exp(iEt)exp(−εt)

(5)

so that the integrand acquires a purely real factor exp(-εt); and that this ad hoc
quantity then turns out to be the empirically detectable decay rate Γ for the level in
question. Recall also that the sum over the intermediate states I includes photons of
all energies, including ones that satisfy energy conservation. But then one must include
an additional term – “ the imaginary part of the energy shift” – for only those photons
that satisfy energy conservation for the diﬀerence between allowed levels. In the standard
account, not only is the imaginary component put in ‘by hand’ but it also appears to
count some of the photons twice (since photons that happen to satisfy energy conservation
are included in the double sum over all photons and all intermediate states I). Moreover,
the second counting has a distinct mathematical character (imaginary as opposed to
real, at least in terms of the quantity iε). In the transactional picture, all of this gains
a clear physical basis: the real and imaginary parts of the energy shift correspond to
fundamentally diﬀerent physical processes. One must ‘double count’ photons because
there is no way to predict which virtual photons, of the eligible ones, will be elevated
to ‘real’ photons and thus become part of the decay rate (imaginary part of the energy
shift). Note further that, in view of (5) above, that the ‘imaginary’ part of the energy
shift actually corresponds to a real quantity – and that real quantities are the ones that
are empirically observable. In contrast, having a ‘real energy’ as part of the phase of a
complex number means that the energy is not an empirically observable one; that is, it
corresponds to what in PTI is an ‘oﬀer wave’, a sub-empirical entity.
We see, therefore, that the ability of an atomic excited state to decay may be naturally
understood, without resort to ad hoc computational maneuvers, via the transactional
picture. Real photons are simply virtual photons that have been elevated to the level
of ‘reality’ by satisfying energy and momentum conservation and surviving the odds (
α∼
=1/137) so that they may function to transfer energy from one place to another and
thus result in empirical detection.
One ﬁnal remark is in order concerning Davies’ theoretical formulation. In the third
of his three papers presenting his quantum extension of the W-F theory, he concludes
with the following comment:
“This then represents the quantum generalization of the classical Wheeler-Feynman
10

Of course, the imaginary quantity reappears in the denominator of propagators. It plays the same
role there, in the sense that poles must be circumnavigated in order to evaluate the integrals. In the
transactional picture, the poles correspond to actualized transactions, which break the unitarity of the
underlying ﬁeld propagation and are therefore naturally represented by singular points.
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absorber theory, although it is puzzling that S is not unitary for all fermion states in
this case (it is, of course, unitary for the light tight box).” (Davies 1972, p. 1035).
As noted earlier in the present paper, the transactional process is not unitary. It
involves the indeterministic selection of one absorbing current among all those that have
responded with a time-symmetric ﬁeld to a prompting emitted time-symmetric ﬁeld, in
such a way as to cancel the advanced eﬀects of both ﬁelds and reinforce a retarded,
positive-frequency, full-strength “free” ﬁeld. Since that free ﬁeld (unlike the classical
case) may only convey a discrete number of actual quanta of energy (as represented
by the Fock space states discussed by Davies in the quote which began Section 4 of this
paper), only a subset of responding currents can actually receive the energy. For example,
one may have an emitted time-symmetric single-quantum (virtual) ﬁeld of frequency ω
and a time-symmetric response of many currents to that ﬁeld, but the free (real) ﬁeld
resulting will only be able to be absorbed by a single current. That is the non-unitarity
described as puzzling by Davies; i.e., that is the pole remaining in the propagator that in
his words represents “a real (though internal) photon” (1972, p. 1035). It is none other
than the notorious ‘collapse of the wave function’ that is ubiquitous in non-relativistic
quantum theory. Note that, while PTI still has this collapse, it nevertheless provides a
clear account of the measurement process in terms of the response of absorbers, which
provides an eigenbasis for the applicable density operator characterizing the mixed state
with weighted projection operators, each corresponding to a possible ﬁnal state.

6.

Possible Further Empirical Consequences

Since, according to the above, the real photons responsible for spontaneous decay started
out as virtual photons, this process could be seen as contributing an additional slight perturbation of the energy levels under certain circumstances. Indeed, recent experimental
deviations from the predictions of quantum electrodynamics (QED) for high-Z He-type
atoms (e.g., Chantler et al, 2012) suggest a systematic mismatch between theory and
experiment in the regions probed by the experiments, with the experimental values coming out signiﬁcantly higher than the values predicted by standard QED. The deviation
increases with Z as roughly Z3 .
Recall that in standard QED, atomic level decay rates are not attributed to the physical transactional process described herein and are simply obtained through evaluation of
the relevant matrix elements (between allowed energy levels), where those are made available computationally by adding an ad hoc small imaginary part to the energy. However,
it is standard to think of the exchange of virtual photons as a primary source of the perturbation – in the sense that there is some small recoil due to the exchange, which results
in a shift in the potential energy of the level from the zeroth-order value. In hydrogenlike
atoms, the elevation of one of these virtual photons to a real photon simply leads to decay and does not result in any further perturbation of the level. However, in the He-like
atoms, there is the possibility of a transaction between the two electrons, which would
constitute inelastic scattering (while also destroying the symmetrization of the state) just
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prior to decay. This could be seen as an additional perturbation not accounted for in
standard QED. Since in general, the coupling strength increases with increasing Z, it is
natural to suppose that this eﬀect would increase with increasing Z. Further work remains
to be done to develop a quantitative estimate for this additional perturbation. This paper simply serves to introduce the physical basis for the phenomenon and to suggest a
direction for future eﬀorts in this regard.

Conclusion
It has been pointed out that the imaginary part of the energy level shift obtained through
an ad hoc procedure in standard relativistic quantum mechanics has a natural interpretation in a process predicted by the relativistic extension of Cramer’s Transactional Interpretation, the Possibilist Transactional Interpretation (PTI) (Kastner 2012a,b). This
process provides for a natural understanding of the distinction between real and virtual
photons, in which virtual photons are unconﬁrmed oﬀer waves emitted with an amplitude less than unity, and real photons are actualized transactions11 . This process may
result in empirically observable eﬀects such as the already-observed deviations from the
predictions of standard QED in High-Z Helium-like atomic level shifts.
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