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Abstract. Dyson'’s perturbation theory analogue for quantum electrodynamical processes
with arbitrary initial and final states in an external field creating pairs has been discussed.
The interaction with the field is taken into account exactly. The possibility of using
Feynman diagrams, together with modified correspondence rules, for the representation
of the above mentioned processes has been demonstrated.

1. Introduction

The study of electrodynamical processes in an external field requires the exact evalu-
ation of the field to all orders of the perturbation expansion. There are a number of
approaches to the solution of this problem (Feynman 1949, Schwinger 1954, Furry
1951). However, a consistent treatment of perturbation theory and diagrammatic
techniques for arbitrary processes has been carried out only for fields which do not
create pairs.

The difficulties associated with pair creation manifest themselves most clearly, for
instance, in the Furry (1951) approach: here the creation and annihilation operators
for particles and antiparticles should be formed using solutions of the Dirac equation
in the external field. For pair-creating fields, however, no solutions exist which could
be attributed to particles or antiparticles for every time. These difficulties do not seem
to be of major importance and should be thought of as evidence for the fact that no
consistent one-particle interpretation of the Dirac equation is possible for external
fields of arbitrary form. Nevertheless, exact solutions and Green functions of the
Dirac equation undoubtedly contain all the information necessary for summing up the
perturbation series with respect to the external field. This has been shown (e.g. by
Feynman 1949, Schwinger 1954, Nikishov 1972, Grib et al 1972, Bagrov et al 1975)
for processes of zeroth order with respect to the electron—photon interaction and for
fields which cease to create pairs when ¢ —» +00,

In the present paper we will consider an analogue of the Dyson perturbation
theory for processes with arbitrary initial and final states for quantum electrodynamics
in an external field which creates pairs. The interaction with the external field will be
evaluated exactly. It will be shown that Feynman diagrams, with modified cor-
respondence rules, may be used for the description of these processes.
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2008 D M Gitman
2. General formulae for the transition probability amplitudes

Consider the quantum electrodynamical Hamiltonian in an external electromagnetic
field. The sum of the Hamiltonians of the electron—positron field in an external
electromagnetic field with potentials &/ and the free electromagnetic field H#aq is
chosen as the zeroth Hamiltonian %,(¢):

()= %o(f)+J’f“(x)ﬂu(x)dx, 7)) =2e[d(x)v*, y(®)]-, (1)
KHolt) = J L G(x)(—iyV +esd(x)+ mW(x): dx + Hema, Ax)= o, ("

Now we define the evolution operator of the electron-positron field in the external
electromagnetic field:

(i%_ ,%(t)) Us(t, ) =0, Us(t, Yi=r= 1,

and construct, with its aid, the field operators in the ‘interaction’ picture:

dﬂ-(x)= UO—I(t5 tl)‘du(x)UO(ta tl)’ Ddﬂ-(x)= 05

Y 2
Y(x)=Us ' (t, ) (x)Uo(t, 1), (i0—esd(x)—m)p(x)=0.

Then provided the operator Uy(#, ') is known the total evolution operater U(, ¢') for
the Hamiltonian (1) may be presented in a form for which the expansion in powers of
the charge does not demand any expansion in powers of the external field:

2

U(ta, t1) = Up(ty, 11)S(22, t1), Sy,t)=T exp(—i J’

n

j (6) s (x) dx). 3)

When considering processes in an external field it is necessary to choose the initial
and final states at the moments of time t; and ¢,, respectively. In accordance with
quantum mechanics one may, in principle, choose an arbitrary state at one given
moment in time and consider the probability of transition to another arbitrary state at
another given moment in time. The choice of the initial and final states should be a
matter of physical consideration (see appendix 1). In this paper we will deal with the
formal scheme suitable for a rather wide class of initial and final states.

We now write down some general assumptions, related to the construction of these
states, which we use explicitly.

We suppose that the sets of creation and annihilation operators for the charged
particles {a, a,} and antiparticles {8,, B,} at the moment of time ¢, are given (and
[an, al’]+ =B BI]-*- =8nn's [@ny, @n]+ =[Br, Bn}+ = 0).

There is the vacuum vector |0);, for these operators (Vn, as|0)in = 8,|0), = 0) in the
original Hilbert space, where the Hamiltonian #(t) is defined.

The set of operators {a,), a,, B}, B.} is generated by the complete and orthonormal
set of spinors {.¢,.(x)}, where a suffix + denotes a particle and — an antiparticle:

!ﬁ(-‘):; (an +¢n(x)+B: —¢n(x))' (4)

Here (x) is the spinor field operator in the Schrodinger picture.
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Similarly the sets of operators of the charged particles {a.,, a..} and antiparticles
{Bms bY@y Gr']+ = [Brmy Do)+ = By [Gmy @)+ = [Bmy B]+ =0) at the moment of
time ¢, are given, there is the vacuum vector |0)ou(V1, @m|0)out = bm|0)ou = 0), opera-
tors {a:,, Gy By b} are generated by the spinors {¢,.(x)} in accordance with the
expansion:

)= {@m S (X)+ b m(x)} )

Conditions for the orthonormality and completeness of the set of spinors {~¢. (x)}
have the following form:

(:tQSm; t‘bn') = 5n,n', (x¢m ‘d’n') = Oa (d’s '1//) = J‘ ¢f(x)‘//(x) dx9

(6)
T (+hn(x) +n(X)+ —Bn(X)-n(x)) =8 (x — x').

Similar conditions can be written for the set of spinors {* @, (x)}.

The requirement for the existence of the vacuum vectors |0);, and |0)o., imposes
certain restrictions on the choice of sets {. ¢, (x)} and {*@,.(x)}. These restrictions are
discussed in appendix 1.

Thus the probability amplitude for an arbitrary process with initial and final states
containing given numbers of charged particles, antiparticles and photons can be
written in the form:

.

Mi—>f=0ut<éldm e 53. Y 4 SN S([z, t1)C,:,,. . 'Bn e af . !O>ina (7)

where
Gm = Uo_l(fz, t11)amUs(t2, 11), b~m = Uo—l(tz, t)bmUo(ts, t1),
I(j)out = UO—I(t27 tl)|0>ouh

and ¢y, cex are the photon creation and annihilation operators.

In the matrix elements (7) the vacuum vectors and the creation and annihilation
operators which are placed on the left and on the right of the § matrix are different
from each other (see appendix 3). It is this that distinguishes the matrix elements (7)
from the case when either no external field is involved or the latter does not produce
pairs, and initial and final states are chosen in a special way.

That is why a result cannot be obtained using conventional computational tech-
niques, based on the reduction of the § matrix to normal form relative to one vacuum.
The main idea which allows us to obtain an analogue of conventional perturbation
theory in quantum electrodynamics is to express any operators of the spinor field, and
specifically the S matrlx only through creation (4", 5" ) and annihilation (a, 8) opera-
tors, so that all the d', 5" can be placed on the left of all the @, 8. The correct
computational techmques will be discussed later.

®

3. Reduction of operators to a generalised normal form

Define the generalised normal form of spmor field operators as a form where they are
expressed only in terms of the creation (4", 5') and annihilation (a, B) operators, also
the creation operators d', 5" are placed on the left of the operators a, 8.
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The generalised normal product N(...)of the spinor field operators will be called
the product of these operators reduced to the generalised normal form; the anticom-
mutators are equal to zero in the process of reduction. The expressions

AB=AB-N(AB), AB =T(AB)-N(AB)

are called the generalised pairing and the generalised chronological pairing, respec-
tively.

In accordance with the definition, to reduce operators to the generalised normal
form it is necessary to express all the operators only in terms of 4, 5" and a, 8. This
can be done if the general connections between the operators {a', @, 8%, B} and
(@', 4, 8", b} are established. To do so we will use the following. Since the operators
Yr(x), already discussed in connection with (2), satisfy the Dirac equation in the
external field with the operator initial conditions ¥ (x)|,=,, = ¢(x) they may be given in
the form:

W)= [ Gx x W) d, ©)

where G(x, x') is the propagator for the Dirac equation in the external field (Dirac
1937). It satisfies the Dirac equation and the condition G(x, x')|0=,o=8(x —x").
The function G(x, x') may be constructed using any complete and orthonormal system
of solutions {@(x)} of the Dirac equation in the usual way:

G(x, x')=2k: bi(x)Bi(x).

The obvious relations G'(x, x')= G '(x, x')= G(x', x) are valid for this function. It
should be noted that G(x, x') is the anticommutator of spinor field operators in the
interaction picture (2).

From (2) and (9) we find the following relations:

U3 WUl )= | Gl ¥ i) a, (10)
where ¢ and ¢’ are arbitrary moments of time. By substituting the expansion (4) in the

right-hand side and the expansion (5) in the left-hand side of (10) and assuming ¢’ = ¢,,
t=t, we get

d=G(l)a+G()B’, b'=G(l)a+G()8’

a'=a’GGIM)+BG("), b=a'G([)+BG(), an
where

Gl = [ *B502)G (2, 1)uhn () A, dir,

Gl Inm = J‘ LOn(x1)G(x1, X2)* P (x2) dx; dxs, G = G[).

By substituting the expansion (5) in the right-hand side and the expansion (4) in

the left-hand side of (10) and assuming ¢ =¢;, ¢ = ¢, we obtain the relations inverse to
(11):

a=G[a+GG b, B'=G(Na+G(INE,

o« =3'GCL)+EG(),  B=d'GCI)+FG(L) 42
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We now introduce the notation for the relative probability amplitudes of the

processes which are of zeroth order with respect to the electron—photon interaction as
follows:

w5 T ) =ouOldm. . By BL. . af .. OGS (13)

Cv = ouc<0| UO(t2, tl)i())in = out<6|0>in (14)

is the probability amplitude for the vacuum to remain the vacuum to zeroth order with
respect to the electron-photon interaction. The simplest amplitudes, which cor-
respond to single-particle scattering, annihilation and creation of pairs, are readily
calculated by direct use of relations (11) and (12) (Bagrov et al 1975):

WOHD= G [y WA= G|
w0l ) ={G (NG ([ = ~{G ™' C1IG (|}t (15)
w(#510) ={G 7 ()G (e = —{G(1)G ™ (| b

From (11), (12) and (15) we get the following relations:

dm =Y W), — L w(h310)5s,

b =Y w(m|n)B, +Y, w(3m|0)d;,

n 5 (16)
an=Y w(mh)in-Y w(|T#)8,

m 1

Bi=Y w(nn)bl+Y w(0lA e
m {

Relations (16) allow us to express unambiguously all the spinor field operators as
functions of the creation (4", #7) and annihilation (a, 8) operators only. We will, for
example, do this for the operators ¢(x) and #(x). To do so we substitute the
expansion (4) in the right-hand side of (9) to find

W)=Y (@n +@n(x)+Br -n(x)), (17)
where +¢,(x)=[ G(x, x1)=¢.(x1) dx; are the solutions of the Dirac equation in the

field with the initial conditions given at ¢ =¢;. By using definition (2) and the obvious
connection ¢(x)= | G(x, x2)¢(x2) dx» and the expansion (5), we find:

w(x)=§ (Gm " bm(x)+ 5" " dm(x)), (18)

where “@m(x)={ G(x, x2)*¢m(x) dx, are the solutions of the Dirac equation in the
field with the initial conditions given at t = t,.



2012 D M Gitman

By substituting a, B8, 4, & from (16) into (17), (18) and into the Dirac conjugate
expressions we get the necessary form for ¢(x) and ¢(x):

G(x) =)+ (x), F@) =)+ ),
bOR) =Y ctha(x)an, ¢ (x)= ; ~Yn(x)Bns
G@) =L "t (x)b 0, FOE) =Y TG )dm

Un(6)= 462+ T w0l Ti)-u(x) = T w (i)' dm(x),
“Ym(x)= "¢m(X)—§;, W(§ﬁ|0)+¢s(x)=§": w(m|n)-én (x),
()= -Ea(x)= T wOIRD-6i()= T w(l) G x),
“m(x)= +$m(x)+§ W(ﬁ§|0)'$s(x)=§ w (Fi|71), B (x).
Once the spinor field operators have been expressed in the form of functions which
depend only on d', 5", &, B, they can be reduced to generalised normal form by using

known versions of the commonly used Wick’s theorem. For this purpose it is neces-
sary to calculate the following anticommutators and generalised pairings:

[am 5;]+ = [Bm dm]+ =0,
[am drtu]-f— = G(+|+)nmy [Bm 5;1 += G(_\—)mm
[, 6=, d L =, ¢ =87, ¢l =0,

[ 70x), & (x)] = Zm T bm (X)W (HI7)+ Bn(x') = %5 (% x),

@, TV = T -bue W AR En(x) =785, 2),

(19)
:1:5 = out<6}“z~mb.slo>inclv_1 = W(’?‘iﬂO),
@}- = out<6|BIal‘r|0>inc‘v_1 = W(Olﬁ?),
:"_UB:__— out<0|5mﬂ:|0>incv—l = W(ﬁl,ﬁ),
:_92 = out(ala‘-mall())incv_l = W(’;-ll;i),
dnfln = bt = 0
lﬂ(X)lﬂ(x’)= out<0IT¢(x)w(x,)lo>inCv ! = "S (x, X )a (20)

i

0

. S$(x, x"), x°>x?,
S, x)=4¢ . . o
-S7(x, x"), x'>x",
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With the help of these expressions it is not difficult to establish that

)= [ $7 X bl dn, e
Un()=7 | 8700 22 bmla a2 )
-¢7(x)=% J —ba(x1)$"(x1, x) dxy, (23)
") =1 [ SIS 002, 1) dra (4)

Evidently $°(x, x') is the generalisation of the Feynman causal Green function for
the case of an arbitrary external field, creating pairs. One can check that §(x, x')
satisfies the Dirac equation for the Green function in the external field:

(P-m)S(x, x')=—8(x~x'), P, =13, —ed, (x). (25)

Compare the function $°(x, x') with the Feynman propagation function in an
external electromagnetic field $°(x, x). Note that what we usually understand by the
Feynman propagation function is the function which satisfies equation (25) and which
is represented in the form of the formal series (Feynman 1949, Bogolubov and
Shirkov 1973):

S5(x, x') = S5(x, x')—e [ SS(x, x1) (x1)SE(x, ') iy

e’ j S8, x1)e (61)S5001, x2) (x2)S8(x2, x) dxy dxa . . (26)

where S5(x, x') is the Feynman causal Green function of the free spinor field:

o i 0y = — L [ D) explipe =]
855 ) = 0 TUa(a) 6 0) = 5 s [ B2

Yolx), Yo(x) are the operators of the usual interaction picture, and |0) is the vacuum of
the free particles.

We obtain the formal expansion of the function $(x, x') in a series in powers of the
external field if we write:

Y(x) =85 (t, t1)o(x)So(t, 1)

where

So(t, 1) =expliH(t —t)Us(t, t)=T exp(-—i J { J8)A, (x) dx),

. is the free electron—positron field Hamiltonian, j§(x) is the current operator in the
interaction picture. Then:

851, %) = louO| Tl )WoxNSo(t2, 110 C ",
|0>out exp[l% (t2 - tl)]|0>out, Cv = out<6|SO(’2; tl)'0>in-

By using the techniques considered above to reduce the generalised normal form
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relative to the two different vacuums |0}, and If))ou,, one may obtain the series (26) for
$(x, x') with S&(x, x') replaced by S§(x, x'):

$5(x, %)= outl 0] TWro(x )Wo(x)OYin

Therefore these formal considerations show that the functions S° and $° are different
for a general case. They coincide deliberately if the vacuum vectors of the initial and
final states coincide and are those of free particles. Note that in the Schwinger’s
(1954) well known work the Green function in an external field is considered. Its
explicit form given in Schwinger (1954) is as follows:

G(x, x')=K0| Ty (x ) (x)I0). 27)

However, Schwinger noted clearly that he was discussing only fields creating no pairs.
In this case expressions (20) and (27) do coincide. Detailed consideration of the
proper time method as applied for obtaining the Green functions in an external field
(Schwinger 1954) shows that the method contains some ambiguity which disappears as
far as the external field creating no pairs is concerned. When dealing with the field
creating pairs it is necessary to use either additional boundary conditions or the
explicit form of $°, given by expression (20). However, considerable simplifications
are possible in specific cases. It is obvious, for instance, that the Green function in a
constant and uniform electric field can be found from the corresponding Green
function in a constant and uniform magnetic field by means of the substitution H »iE.
The expression to be obtained can be brought into the form (20) (Nikishov 1969).

4. Correspondence rules

It is obviously convenient to represent the S matrix in the generalised normal form for
the calculations of matrix elements (7) from the S matrix (the generalised normal form
of the electromagnetic field operators coincides with their usual normal form). This
can be done with the help of Wick’s theorem for the T products, where the normal
products and chronological pairings are replaced by their generalised analogues. It is
useful first to represent the current operator in the generalised normal form:

(%)= eNG(x )y i (x) + I (x),

F4 (%)= our(0] /* (¥)|0)n =3ie Tr y*($°(x + 0, x)+ $°(x, x +0)). 28)

Thus the problem is reduced to the calculation of the matrix elements of the
generalised normal products:

outl0ldm. .. By, . Cr.. . N(.eau. .. BY...af .. |0V

Evidently this matrix element is non-zero if the sum of the number of particles for
each field at the initial and final states is greater than or equal to the number of
operator functions of the given field in the generalised normal product.

Consider the case when for each field operator ¢(x ), (x), &, (x) from the general-
ised normal product one can find the corresponding operator o', 8", ¢’ from the
initial state, or 4, b, ¢ from the final state, which will cancel it as the result of
commutation. Such a matrix element will be presented by means of Feynman
diagrams with the following, partly modified, correspondence rules.
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(i) The factor ¥ (x)("¥m(x)) in the matrix element, defined by the expressions
(21) ((24)), corresponds to the electron with the quantum number »n (m) at the initial
(final) state. _

(ii) The factor ¢ (x)("¥m(x)) in the matrix element, defined by the expressions
(23) ((22)), corresponds to the positron with the quantum number » (m) at the initial
(final) state.

(iii) The pairing i '$°(x, x’), defined by expressnon (20), corresponds to the
internal electron lines, directed from the point x’ to the point x.

(iv) The c-number current #(x), defined by expression (28), corresponds to the
closed electron lines.

(v) The contribution from any diagram contains as a factor the probability ampli-
tude of the vacuum remaining the vacuum C,.

The rest of the correspondence rules remain unchanged for this case (Bogolubov
and Shirkov 1973).

Now consider the case when the number of the spinor operators at the initial and
final states is greater than that which is necessary for the compensation of the
generalised normal product. This matrix element is equal to the products of the
contributions coming from the Feynman diagrams and the factors
w(m...s... |n...1...). The Feynman contributions arise due to the ‘interaction’ of
the generalised normal product with the operators of the initial and final states. The w
come from the non-compensated operators of the creation and annihilation of these
states. The contributions of the Feynman diagrams are calculated with the use of the
modifications listed above. The method of computation of the amplitudes
w(m...s...|n...1...)is discussed in § 5.

5. Relative probability amplitudes for zeroth-order processes

Relative probability amplitudes for processes which are of zeroth order in the elec-
tron—photon mteraction (13) are readily calculated if the product
G... by B, ... of the operators is reduced to the generalised normal form
with the help of chk’s theorem and the pairings (19). Evidently, since
outlOIN(. . )|0)in =0, the matrix element (13) 1s equal to the sum of all the possible
pairings of the operators d,.. .. B,, .. ... without the N -products, i.e. it is
expressed according to (19) only in terms of the sum of the products of the amplitudes
for the processes of scattering, annihilation and creation of pairs taken with the
corresponding signs, determined according to Wick’s theorem. For example, the
probability amplitude for electron scattering accompanied by the creation of a pair is
expressed as follows:

mdk|r) = w(3k|0)w (i) — w (mk|0)w (5|7).

As we have already seen in § 4 the contribution of any diagram contains as a factor
the probability amplitude for the vacuum to remain the vacuum (14). We will now
discuss reasons enabling us to determine this quantity using the initial constructions, i.e.
the propagator G(x, x') and the spinors of the initial and final states.

In the assumptions, discussed in appendix 3, a unitary operator V exists such that

=V73'anV, Bbu=V7'8.V,  |0ou= V7|0 (29)
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Evidently from (14) and (19) it follows that C, is the expectation value of the operator
V calculated over the vacuum |0);,,:

Cy=io{0] V[0in. (30)

The operator V can be determined from the relations (11) by substituting {a 'a, b, b}
in them according to (29). Using the known formula
O ,r"

exp(rX)& exp(—tH)= Y. nl E A E AN A4 N B (31)

n=0MN

it is easy to show that it is always possible to satisfy these relations by choosing V' in
the following form:

V =expla’Aa +a BB +BCa +BDB"). (32)

By such a choice of V' one can ensure its unitarity in an uncontradictory way. Further,
ore can verify that the set of commutators of the four quadratic forms a'Aa, a*BB '
BCa, BDB" generates the set of quadratic forms of the same type, i.e. with the
analogous arrangement of creation and annihilation operators. In this case it is always
possible to find matrices A, B, C, D so that the expression (32) can be rewritten in the
form:

V =exp(a'BB ) exp(a’Aa) exp(BDB") exp(BCa). (33)

One may verify this by using the known expansions of the operator exponentials

(Kirzhnitz 1963). The explicit forms of the matrices A, B, €, D can be found by

substituting (33) in (29), (11) and using the formula (31). For instance, the required

matrix D is connected with the matrix G(7|_) by the relation G("|-)= exp(D).
Substituting (33) in (30) one gets

C,=exp(Trln G(T|-)=det G(7|-). (34)

The derivation of formula (34) which we have presented is not the only one
possible. For example, S P Gavrilov noted that it is possibie to arrive at the same
conclusion by using a combinatoric method.

6. Conclusions

The results of this work allow us to use known methods of perturbation theory and
diagrammatic techniques with little modification to consider processes in an arbitrary
electromagnetic field creating pairs. The modifications are reduced merely to some
new definitions of all the electron lines, both internal and external. It should be noted
that the causal Green functions, corresponding to the internal lines, have different
forms for problems with different sets of initial and final states. Actually they ‘feel’ the
vacuum states of the initial and final particles.

Note that the method suggested can be useful for the consideration of quantum
processes in external gravitational fields where, in the general case, the vacuum
vectors of the initial and final states are different.
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Appendix 1

The problem of the choice of initial and final states in theories with external elec-
tromagnetic or gravitational fields has no general solution yet. This problem is
obviously associated with the definition of the vacuum in an external field. We think
that there is the following possible approach to the solution of the problem.

The vector minimising the mean value of the Hamiltonian () at the given
moment of time ¢ will be called the vacuum vector |0), at the moment of time ¢;

(0] ()0), = minimum value. (A1)
In connection with that stated above we consider the eigenvalue problem
%(I)Ixn>t=En(t)‘Xn>r (A.2)

where ¢ is a parameter. If the spectrum E, (¢) is bounded from below and E(?) is the
smallest value, then it is not difficult to see that |yo): is the solution of the functional
equation (A.2) and, therefore, it could be called the vacuum vector at the moment of
time ¢ Obviously E,(¢) gives the possible values of energy of the system at the
moment of time ¢, and |y, ), is the state with the given energy at the moment of time ¢,
The vacuum remains if |xo). at any moment of time coincides to within the phase
factor with U (s, t1)|xo),,, where U(t, t') is the evolution operator of the total system.

Practically, the exact solution of the problem (A.2) is not possible. In a strong
external field it is reasonable to consider the approximate problem with the Hamil-
tonian #,(¢) (see (1)). The solution of the latter problem is possible if the eigenvalue
problem for the Dirac Hamiltonian in an external field is solved:

Ho(t)ebn(x, )= %r(zi)(t)xd’n(x’ f),

. . > (A.3)
Hp(t)=—ia.V—ea. A (x)+edo(x)+mB.

In addition, the following conditions must be valid:

(a) €7 >0, €< 0 and there is a gap between positive and negative levels.

(b) Spinors {.¢,(x, 1)} at the given moment of time ¢ satisfy the orthogonality and
completeness conditions (6).

(¢) The condition

nzm (e, ) +1(-ns +thm)) <0 (A.4)

is valid, where {.¢a(x)} are the solutions of equation (A.3) in the absence of the
external field.

Indeed, by using condition (b) and the expansion of the type (4), one can introduce
the operators of creation and annihilation of particles {a,(¢), a,(t)} and antiparticles
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{B1(r), B ()}. By using condition (a) it is not difficult to obtain the following form of
the operator #y(¢):

Ho(1) =Y (& en(en (1) + €71 (B () + C ),

where C(t) is a constant, not an operator. Thus the vacuum vector |0), is the solution
of the equation

a,.(t)lO), =Bn (t)l())r =0 Vn. (A.5)

This equation has a solution in the original Hilbert space, if the operators
{ai(®), an(t), B1(t), B-(t)} are unitary equivalent to any operators of creation and
annihilation for which there is a vacuum vector in the space concerned (Fridrichs
1953).

Let us choose, for instance, these operators to be the free particle operators
{ad, al, b, b2}, generated by the set of spinors {.¢o(x)}. By comparing the expan-
sion of the operator ¢(x) in spinors {.¢, (x, ¢)} with the expansion in spinors {.ym(x)} we
find:

B = Z (cpm\,uyAwy +\I’m\,uvArw)’ A y==1 (A'6)
787
where
Bn+=am Bn—=3m Ap,+=a2, Ap.—=b3a
¢n+,p+ = (+d)m +l/’2), ®n+,;4.~ = ®n-—,u+ = 09 Qn—.y.— = (—-¢m —‘l’g)*>
\pn+,y,+ = ‘Pn—,y.— = 0, \yn+,y.— = (+¢m —w2)3 q’n—,y.-#- = (—¢m +¢3)*

It is evident that the canonical transformation (A.6) is a linear transformation. A
theorem exists (Berezin 1965, Kiperman 1970), which holds for the linear canonical
transformation of Fermi creation and annihilation operators. In accordance with this
theorem, (A.6) is a proper transformation (i.e. a'(¢), a(¢), 8'(t), B(t) and «°', a°, 6",
b° are unitary equivalent) if ¥ is the Hilbert-Schmidt operator. With our notation we
arrive at condition (c).

The excited states |x,), can be constructed in the usual way with respect to the
vacuum |0), and to the corresponding creation and annihilation operators.

Appendix 2

Consider the problem of unitarity of the electron—positron field evolution operator
Uo(t, #1) in an external electromagnetic field. This problem is uniquely connected
with the-problem of showing that the canonical transformation (11) of the operators
{a', &, B', B} to the operators {d', 4, 5", b} is the proper transformation. Indeed,
conditions (A.4), assumed for the spinors of the initial and final states, ensure the
unitary equivalency of the operators {a', @, 8", B} and {a”, @, b", b}. Therefore, from
definitions (8) it follows that if Uy(ty, t;) is the unitary operator, then there is an
operator V, such that

dm=V'a,V, bm=V7'B.V, 10)out = V" 0)in, (A7)
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and consequently the transformation (11) is the proper transformation. The reverse is
also evident.

Let us investigate whether (11) is the proper transformation according to the
theorems suggested by Berezin (1965) and Kiperman (1970), as it is done in appendix
1. Taking into account properties of matrices G(*|-) and G(7[+), defined earlier, we
obtain the corresponding criterion

TH{G(-)G )+ GGG N <ee. (A.8)

We will show that the left-hand side of the inequality represents the total number of
particles created by the field during the period of time (t,— ;). To do this we calculate
probabilities of electron creation at the given quantum state w(m) and positron
creation at the given quantum state w(s), using the formulae (11) and assuming that
Uo(tz, t,) is the unitary operator:

W)=Y Y louOl@mlm, - - . Ambs, - - -bo Uo(tz, 11)[0)ial?

Lk=0 {mH{s;}
= (0] Uo_l(fz, fl)afnamUo(tz, 1)10%in = {G (" 1)G (L N, (A.9)
wE) =5 S JoulOlam, - - - ambsbs, - - by Uoltss 1)) 0nl?
Lk=0 {m;Hs;}
= in(ol Uo_l(tz, tl)b:bsUO(tZ’ tl)lO)in = {G(—l+)G(+'_)}ss- (AlO)

According to the Pauli principle expressions (A.9) and (A.10) are also the mean
numbers of electrons and positrons created at the given quantum state. Thus the total
numbers of electrons w(+) and positrons w(—) created during the period of time
(t2—1) are equal to, respectively:

w(+)=Tr G("|)G(["), w(=)=TrG(l)GG),

and the left-hand side of (A.8) really represents the total number of particles created.
(It is possible to verify that w(+)= w(=), so the law of conservation of charge is valid
for this case,)

Thus we have proved that if Uyg(t,, #;) is the unitary operator, then the total
number of particles created is not equal to infinity.

On the other hand, it is evident that this number is always the same for a system
with a finite volume ¥ during the finite time interval (¢,—¢;). If the external elec-
tromagnetic field is such that at ¥ - 00, or at (t,— ;)= 0, it creates an infinite number
of pairs (for instance, the constant electric field), then according to the above dis-
cussion the evolution operator Uy(t,, 1) is not the unitary operator.

It should be noted that the unitarity of the operator Uy(, #1) has been proved by
Schwinger (1954) and Nikishov (1974). However, the problem of the conservation of
unitarity at "= o0, t, —t, - o0, has not been investigated.

Appendix 3

Consider expressions (17) and (18) for the operator ¥(x) at the moment ¢ = t,:

WX, 12)=Y (n +@n(®, 12)+ B —da (¥, 12)),
(%, 12)=Y, (Gm " Om(®)+ 55 " dm(x)).
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Evidently, if we choose *@m(x)= :¢m(x, 1), then a = d, B8 = b and the matrix element
(7) could be considered by the usual techniques, based on the reduction of the S
matrix to the normal form relative to the vacuum |[0);,. However, as has been shown in
appendix 1, the spinors {*¢,,(x)} must satisfy condition (A.4). It is not difficult to
guess that any system of spinors {.¢m(x)} could be chosen deliberately to satisfy the
requirements of (A.4). Let us choose {+®,,(x)} as such a system. Then, for the system
=bm(x)= 20 (x, 12), condition (A.4) has the form of (A.8) and is the condition for the
finiteness of the total number of pairs created by the field. Obviously, condition (A.8)
is not realised if, at ¥ > o, the total number of particles created approaches infinity
(this must be the case for the model of an external field having an infinite energy in the
whole space). Consequently, for the field which creates pairs in the whole space, it is
not possible to make such a choice for the final states (i.e. so that @ = d, 8 = 5). This
means that the usual techniques must be generalised.
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