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In electron-electron or electron-positron scattering the second order Feyn-

man diagrams are shown in Fig. 1.
In these diagrams time flows from left to right, so in the left diagram we

have two (real, not virtual) electrons coming in, producing a virtual photon
which then splits into two real electrons that fly apart. In the right diagram,
the positron has a backwards pointing arrow on both sides.

One way of thinking about this is that, in the electron-electron case, one
electron emits a virtual photon which is then absorbed by the second elec-
tron.

Now consider what happens if we have a couple of large charged objects.
Consider first the case where both objects are negatively charged. In this
case, the two objects will be exchanging many virtual photons, but the net
result must be that the two objects repel each other. That is, if they are
moving apart, their relative velocity will be increasing. The momentum kkk
of the virtual photon is thus directed away from the electron that emits it,
and when absorbed by the second electron, will increase the velocity and
momentum of the second electron away from the first one. In this case, the
velocity vvv is parallel to kkk.

FIGURE 1. Second order Feynman diagrams for electron-
electron (left) and electron-positron (right) scattering.
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The energy of the two objects with charges q1 and q2 is given by the sum
of their kinetic energies T1 and T2 and their potential energy which is

V12 =
q1q2

r
> 0 (1)

where r is the separation distance. V12 is positive, since both q1 and q2 have
the same sign. The conservation of energy requires that

Etot = T1 +T2 +V12 = constant (2)

As r increases, V12 decreases, but this is balanced by the increase in T1 and
T2 as the two objects accelerate away from each other. The potential energy
is due to the interaction between the charged objects, so it must be contained
in the energy of the virtual photons being exchanged. Thus in this case, the
energy of the virtual photons is positive.

Now consider the case of two oppositely charged objects also moving
away from each other. In this case

V12 =
q1q2

r
< 0 (3)

V12 is now negative, since the objects are oppositely charged. The total
energy is still conserved, but now, as r increases, V12 increases (becomes
less negative), which is balanced by the kinetic energies decreasing due to
the attraction between the objects causing them to slow down. However,
this also implies that the virtual photons being exchanged must somehow
decrease the momenta of the particles. This can happen only if the mo-
mentum kkk is directed oppositely to the velocity vvv, so that, when the second
object absorbs the virtual photon, it loses momentum rather than gaining it.
Also, if we equate the potential energy V12 with the energy of the virtual
photons, we see that this energy must be negative.

This is counter-intuitive and seems to contradict the notion that particles
can’t have negative energy. However, if we examine the calculation of the S
matrix elements in the transition amplitudes (see equation 15 in this previ-
ous post), we see that the four-momentum of the virtual photon is integrated
over its entire space, including both positive and negative values. This is an
indication that virtual photons (and in fact all virtual particles) don’t obey
the usual rules for energy and momentum. Since they are never observed,
this is permissible. We are in effect using virtual particles as a mathemati-
cal tool to calculate the transition amplitudes of real particles, so they don’t
actually exist.
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