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Abstract It is shown that an origin of the divergence problem in quantum electrodynamics is associated with a
singularity of classical electrostatic field. A modification of its Coulomb potential at small distances leads to the
change of the photon propagator which allows us to construct finite and gauge invariant quantum
electrodynamics. We establish restriction on the value of the so - called fundamental length [ < 10716 ¢m from
the experimental data on the measuring anomalous magnetic moment of leptons. It is well known that any
modification of the spinor propagator (in particular, electron one) gives rise to much problems connected with
verification of basic principles of the theory like gauge invariance, unitarity, causality condition and so on.
However, it turns out that square root modification of the spinor propagator is free from these difficult problems.
Here we also construct a finite square root quantum electrodynamics.

Keywords quantum electrodynamics

1. Derivation of an Empirical Formula

A beautiful quantum electrodynamics developed by many physicists of the 20¢" Century [1-5] has been played a
vital role in the construction of the finite and gauge invariant so - called standard model [6-7] of the particle
physics. What was an initial origin of this theory. It is natural that it was classical electrostatic field theory. In
generally speaking, as usual, classical and quantum theories are the models of point - like particles. For
example, the Newtonian and Coulomb potentials

Un() =1, Ue(r) = 1= €

4nr
are the potentials of the point - like sources of mass and charge, respectively:
pn(r) =mé(r),  pc(r) =ed(r)
where §(r) = §(x)8(y)8(z) is the Dirac § - function with properties:
[dxs0) =1, [ dx8()f(x) = £(0)

and etc.
It is well known that the inverse Fourier transform of the Coulomb potential for point - like charge is
1 i 1
D(p) = ;f d3re™ Uc(r) = 7z 2
and its relativistic generalization in four - momentum space
1
b®) =27 @)

gives the local photon propagator which leads to the divergent theory. Fundamental importance is that the
Coulomb potential (1) satisfies the Laplace equation

AUc(r) =0 @
where
02 9% | @t
A=sataaton
P
TR
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In principle, any modification of the Coulomb potential at small distances leads to a violation of the Laplace
equation (4). Here we find out more simple and natural changing of the Coulomb potential

Ue(r) = Ub(r) = =

4 W
which does not satisfy the Laplace equation (4) and gives madification of the photon propagator (3):
D(p) = D'(p) = =5 N(~p*1?)
where
V(=P = 5 [ dn SB[ (=p? = )]
(1<B<2)

T 1
) = 5 St
Some time ago Markov [8] considered possibility of changing metric form
So=x2+y2+zz—>x2+y2+zzilz
in his indefinite metric modification of the field theory.
The Poisson equation for the potential (5) takes the form

312
AU = — (r2+12)5/2
On the other hand the basic equation for electric stress E = — grad ¢ with extended charges is

divE = 4np = — div grad ¢ = —A¢g,

Ap = —4mp
It means that in our case electric charge is not located at the single point and is distributed continuously over the
whole space with the density
1 312
P = ome
with the normalization
[ d3rp(r)=1
as it should be.
Therefore, in our scheme, an idealized concept of the point - like charge is absent. Moreover, already in the
early developments of quantum mechanics occur square - root operators. In particular, it was the relativistic
relation between energy and momentum in a coordinate space representation that hindered its use [9]. A review
of the early and later works are contained in [10]. In bound - state problems of two - and three - quark systems
the Salpeter equation is often used [11-13]. Problems associated with binding in very strong fields [14-15],
string theory [16-17] and astrophysical black holes [18-20] are applicable areas. Green’s function for differential
equations of infinite order like
Vm? —oQ(x) = —6® (x)
are treated in [21]. Green function (9) in momenum p - and x - spaces take the forms
Qp) = = === [, dApn (DS @, P)
and
Q(x—y) = [, dapn(DS(x = y,2)
where the distribution
Pm(A) = = (m? = A)71/2
has properties, like
O ddp, =1, [0 d2-2-p,()=0

[ AR py (A) = 5 m?
and
A+p

—l€

SAP) =i
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— A+p
SCc=y,0) = gy [ dipe e 0 (14)

—p —ie
are the Dirac spinor propagator in corresponding spaces with random mass /1. Here the relations
m? —p? = (m-p)(m+p), P=v"p,
and the Feynman parametric formula

1 _ I'(n1+4ny) ny—1 ny—1 1
an1lpn2 F(nl)F(nz)f dxx (1 X) [ax+b(1—x)|n1112

are used. In this paper by using formulas (6), (10), (11), (13) and (14) we will construct finite nonlocal and
square - root quantum electrodynamics free from ultraviolet divergences.

(15)

2 Modification of the Coulomb Potential and Derivation of the Nonlocal Photon Propagator
We propose the following finite Coulomb potential at small distances:

1
Ue() = 3 o (16)

where [ - is some parameter dimension of length. Its value may be interpreted as a size of an extended electric
charge or as an universal constant like fundamental length in physics. As mentioned above this modified
potential satisfies the Poisson equation. Let us calculate the Fourier transform of the finite potential (16):
1 3., ipr < ¢ )
D,(p) ef d3re poy-ave f dr‘/_smpr
(p = |pD). By using the Mellin representation this expression takes the form

_ 2 p—ie CHDN 3 11—
Dl (p) 2\/_ Zlf ﬁ+m snnnnF(2+2n) xT (2 + 1’]) F( 1 77) (17)

where (1 < 8 < 2).
Further, taking into account Gamma - function relations:

22(1+r])—
r2+2n) =

ra+ n)r G+n)

F(n)F(l - =0
and after some elementary calculations, one gets
vi(p2?
D) = 1) (18)
where
B —ico )
ACEOERTE ,Hl; el L0 B (19)
1 1
v(n) = PR (20)

41+'i sinmy T(1+7)T(2+7)
From these formulas one can calculate residues at the pomts n = —1,0,1, .... The result reads

D(p) = K1(l|P|) (21)
where K; (x) is the modified Bessel function of second kmd or the Mac’Donald function

x\2¢
L ()
Ky (x) = 222i f—ﬁ+i°0 d¢ sin 27 T(1+{)T(2+)
(0<B <), x=|p|l
Finally, the modification of the Coulomb potential (16) gives rise to the following nonlocal photon propagator
[22]

: 272
Dy () = Gz g | d*pet ) 22)
where the form - factor V;(—p?1?) of the theory is defined by the formulas (19) and (20).

Here our theory with the propagator (22) is very similar to the nonlocal theory due to [22] and [23]. Notice that

the simple modification of the Coulomb potential (16) leading to the nonlocal photon propagator (22) is
cornerstone of the finiteness of classical and quantum electromagnetic fields. For example, now electrostatic self

- energy of the extended charge is finite at small distances:

=% 43 = X[ d3rE? =_° !
W—Zfdrp(r)Ul(r)—zfdrE, E= 47Tgrad\/m

=
"© Journal of Scientific and Engineering Research

197



Namsrai K Journal of Scientific and Engineering Research, 2019, 6(8):195-205

Here simple calculation reads

e? o r4 e? 1 5 1 1 3m
W=l s =m0 6) = nte
Moreover, the nonlocal photon propagator (22) is finite at the origin
212 oo
Dy (0) = Gy 35 Jy dpp*Di(p®) =

1+¢
£20+4

st (5)
_ 1 ioo 4
= "9 g, llmf B+io ¢ sin2n¢ T(1+{)I(+{)T(2{+4)

where 2 < 8 < 3.
Calculation of residue at the point{ =—-2and taking the limit € —» 0 leads

(0) le Juw = const
It turns out that, in principle, due to finiteness of W (0) one can calculate vacuum fluctuation diagrams, shown
in Figure 1.
:/'\J[_'\.d,—}

s e,

— by
{L)-\-) l‘—'r\ h "F\_/' '\_)% < _l_ (N
N “‘l" (j
J’-\Ii.l/_‘-.u/'\.j
Figure 1: Primative Feynman diagrams for vacuum fluctuation
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Figure 2: Integration contour in the formula (19)
Finally, we indicate one important consequence of the photon propagator (22) with the form - factor (19). If we

want to calculate high order divergence integrals over the internal momentum variable p, like
ZV]W

_f B —iw U(U) f [P
2i —ﬁ+l°° smm] [p2+4]%

for any order of v, then we can move integration contour in Figure 2 to the left through points n = —2, -3, ..., in
desired order, since in such type of integrals there are no poles at these points. After integration result we can
again move integration contour to the right to calculate residues at the points n = —3,—2,—1, ... so0 on. This
procedure of analytic continuation over complex variable n plays a vital role in regularization scheme.

3. Nonlocal Quantum Electrodynamics

3.1. Introduction

Lagrangian functions of the nonlocal quantum electrodynamics arisen from the modification of the Coulomb
potential at small distances have similar structures as the local theory [24].

L(x) = e:p(x)A(, )P (x):
+e(Z; — D:p ()AL x)P(x):
—&m: i(x)w(X): +(Z, — 1):P((x) (0 — m)p(x):
—(23-1) By (O)F! (x):
where
A x) = A,(Lx)y", d=y"

g
(;j'-\\;
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Only in our case of the nonlocal theory, renormalization constants Z,Z,,Z;,6m are finite and moreover
Z, = Z, due to the Ward - Takahashi identity. Here "chronological” pairing (or T - product) of the fermonic
field operators of electrons has the usual local form:

_ — _ 11 4 e~ P (x-y)
S@ =) = OITY@PWN0 = Gy [ d'p S (24)
while "causal” function of the nonlocal electromagnetic field A, (, x) in (23) takes the form due to the formula
(22)
v —ip(x—y) Vi(=P*1®)
Diy (x = ¥) = g D' (x —y) = — J55- [ dpe P ¢ 2 (25)
where V,(—p?1?) is given by formulas (19) and (20).
3.2. The Electron Self - Energy in NQED
The complete electron propagator in NQED is given by the sum
[-i@D)™*si(@)] = [-ieD ™ SE)] + [i2m)*S@)Ii2n) = ()]
X [-i@2m)~* S @] + -
where
_ m+p
S(p) - mz—pz—ie
The sum is trivial and gives
Si() =[m—p—3% —ie]™
In lowest order there is a one - loop contribution to X,;, given by in Figure 3:
=YL (x = Y ():
where
Z(x —y) = —ie?y, S(x = )y, D' (x — y) (26)
Passing to the momentum representation and going to the Euclidean metric by using ko, — exp(ir/2)k,, one
gets
~ _ ez 4 Vl(kbz-lz) (E) m—ﬁE+lA€E B)
2(P) = g [ Ak KB TR mZ+(pp—kp)?
Here pr = (=ipy,p) , v® = (=iy,,7) and ky = (k4, k) . Taking into account the Mellin representation (19)
for the form - factor V;(kZ1?) and after some calculations, we have
S v er1 —p-in 1 v(mie®H'*n
Zl(p) - _Ezf—ﬁ‘*'lw d’l sin2m7 T(2+1) F(U: p) (27)
where
_ 1 1w\ 147 p? A\ R
Fonp) =il du () (1-Lu)  @m—pu) (28)

is a regular function in the half - plane Ren > —2.
Assuming the value m?[? to be small, one can obtain (after calculation of residues at the points n = —1,0):

il (p) = %fol du(Zm - ﬁu)ln (1 — :L_zzu) +
() on15) o) )
o (2 2) 40

+ap(D)(1+P(1) +2 - 372, (29)

where (1) = —C,C = 0.57721566490 ... is the Euler number.
K

q’ﬁu,r” _'“:\._f —~
.

L (~

e > >

p-k
Figure 3: Diagram of Self - energy of a electron in NQED
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Figure 4: Vertex function in NQED
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Figure 5: The vacuum polarization in NQED

3.3 Vertex Function and Anomalous Magnetic Moment of Leptons in NQED
Let us consider Feynman diagram shown in Figure 4. The following matrix element corresponds to this
diagram:

ie s YOOI, (x,2/Y)P(2) 4, 1): (30)
Analogously, in the momentum space and in the Euclidean metric, the vertex function takes the form
= _ et 4y, Vile—kp)*1?)
r (pl' p) - @n )4f d kE (PE_kE)Z v
m— kE qE m-— kE
mZ+(kp+pg)2 M m2+k} 14 (31)
Again passing to the Minkowski metric and using the generalized Feynman parameterization formula (15), one
gets
~I ) B—ico v(n) (m21%H)1Hn i
L, (piip) = 5-3; f_mm it raany PR PLP) (32)
where
E,(m; p1,0) = v F1(m; p1,0) + F2(11; p1, 0)
Here
F1(n:p1,p) o n)f Iy Iy dadpdys(1—a - —y)a='-1Q!*
F2(0:01,P) = 1 ,,)f fy Iy dadBdys(1—a - —y)a='71Q" x
1
X— [m?y, — 2mq, + 4m(Bq, — ap,) +
+(ap — By, q + (ap — Byu(ap — )] (33)
2 2 + 2
=p+y-arl -yl —ap B (34)
Let us calculate the vertex function (32) for two cases: first, when g = 0 and p has an arbitrary value; second,
when q is an arbitrary quantity and p, p; are situated on the m - mass shell. In the first case, assuming g = 0 in
the formula (33) and after some standard calculations, one gets
1 1\ 140 p? 147
Fu(mip1p) = 52 n)f du (T) (1 _uﬁ> X
x [y, + 2D Cr ) (35)

Comparing this formula with the expression (28) for the self - energy of the electron, it is easily seen that
a
Em;ipup) = —5—F(n;p) (36)
opy

From this identity, we can obtain a very important conclusion. In nonlocal QED constructed using the
modification of the Coulomb potential, the Ward - Takahashi identity is valid:

@) = —5-5(p) (37)
u
=
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In the second case, one can put
u(p)Ti (1, Pu(P) = UM (Du(p) (38)
where u(p,) and u(p) are solutions of the Dirac equation

®—-mu(p) =0, u@P)@P +m)=0
Substituting the vertex function (32) into (38) and after some transformations, we have

u(p)E, (1 p1, p)u(p) = ulp)N, (0 Qu(p) (39)
Here

A1 q) = V,,,fl(n q )+ — 0 Ay 2(1: 9 )

O = (]/yyv - yv]/u)
fmay =k by f dadﬁdw?(l—a—ﬁ Pat L x g (a,B,v,9%), (=12)
L=£a+(1—a)2—[z’ym (40)

91(a,B,v,4*) = (1 —a)*(—n) + 2a(1 + 1) —
~ LBy + A +ma+ @+

“92(a,B,7,4%) = 2a(1 — a)(1 + 1)
To avoid infrared divergences in the vertex function we have introduced here the parameter & = mf,h /m?,
taking into account the "mass™ of the photon. Finally, one gets

A (q) = V. Fi(q? )+ ,quFz(q ) (41)
where
2 B—ico v(n) m2iHi )
F]'(q) QZI—B‘HW dnsinzm] r'(2+n) ]j(n’q) (42)

Itis easy to verify that the vertex function A, (q) satisfies the gauge invariant condition:

q, u(P)A, (@up) =0 (43)
Let us write the first terms of the decomposition for the functions F,;(g?) and F,(q?) over small parameters
m?1% and g% /m?:

F(q?) = — 21+ 25 (™ — 2y + )] + 0 (%) (44)
Fi(q )———{ [ln——2¢(1)——]+
+m2[2 [1n —2p) -1} + ("—2) (45)

From this first formula we can see that corrections to the anomalous magnetic moment (AMM) for leptons are
given by

pu=2[1 +—(1 —+-—2¢(1))] 46)
We seen that the first term in (46) is exactly famous Schwinger correction obtained in local QED. From the
experimental values of the AMM of the electron and muon [25-27] and [28]

M) = ;‘— -1= %(q —2) = (1159652180.73(0.28)) x 10712 (47)
B
and
(e) _ u _1 _ —
Dllory = (eh/zf‘mﬂ) —1=(g, —2) = (116592089(63)) x 107" (48)
one gets the following restriction on the value of the universal parameter (or the fundamental length) I:
1<$7.0%x107Y cm for Aug’(; (49)
1$26%x1077 cm for Aud) (50)

Recent theoretical calculations of the AMM of the electron and muon have been carried by [29].

=
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3.4. Vacuum Polarization
Since, in our scheme the propagator S(x — y) of the charged lepton spinor is not changed, the diagrams of the
vacuum polarization i.e., closed spinor propagators (see Figure 5) of the leptons in our nonlocal QED are
studied by the same way as in the local theory. For completeness we calculate it in e2-order by using d -
dimensional regularization procedure [30]. The result reads in the momentum space:
" @ = *g*" —a*q) T (4% (51)

where

T () = 2 ) dx( —x)n (1+7202) (52)
The physical importance of the vacuum polarization in NQED can be explored by considering its effects on the
scattering of two charged particles of spin 1/2.

4. The Square - Root Nonlocal Quantum Electrodynamics
The purpose of this section is to study nonlocal interactions of the charged square - root spinors with nonlocal
photons within our scheme. Thus, the Lagrangian corresponding to the equation

Vm?Z —og(x) = 0 (53)
is given by
Ly = ¢*(x)Vm? — op(x) (54)
Instead of (54) we consider the Lagrangian density
Ly = =N{p 0, 1) (=0 (x, 2,) + L1, } (55)

for the Y (x, A) field. Here notation is used
L3, = W0, AU, )W (x, 2)

N=[" " dadlp()p(y), 3 =iy ai (56)

@(x, Al) = (O; E(x) /‘ll))

w2, = (U 4))

(0N
v = (3 o)
Equations of motion
[ dAp(D)(0 — Dp(x,2) = 0

™ dap(d) (i%’:'ﬂy“ A, A)) =0 57)
for Y (x, 1) fields can be obtained from the action
A= [ d*xLj,(x)
by using independent variations over the fields ¥ (y,1) and ¥ (y,1) and by taking the differentiation 5L‘1’¢/
5y(y, 1) and 6(L2¢)T/61p(y, ). Here we have used the following obvious relations

SPEA) _ S AD _ s(4)(y o
YA A =6 (x—y)6(4 —A)

and definition
(L))" =P, 1)U (A4, A2) W (x, 22)
It is easily seen that the propagator of the field ¢(x) in (53) is given by equation (9) or
Q) = ——— 5D (x) = =7 dapW) 6D ) = [ dAp(D)S(x,2) (58)

Jn?0)
In the momentum representation, expression (58) takes the form
TR
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ap) = [ dip(DHSA,P)

where

S@A.p) =

1 A+p
i A2—p2_ie

is the spinor propagator with random "mass" A in momentum space.
Our next goal is to study Feynman diagrams in nonlocal square - root quantum electrodynamics with Green
functions (22), (58), (59), (60).

In the "square - root" NQED the S - matrix can be constructed by the usual rule:
S = ExpecTexp[[ d*xL;, (x)]

where

Lin (%) = eN{ip(x, ) A, )P (x, 22)}

Al = V”AL )

and N is given by (56). The symbol T is defined by

(OIT [ (x, 1), 22)]10) = (44 — A2)S(x = ¥, 41)/p (A1)
for the spinor fields. For example, at least for connected diagrams in the momentum space one assumes

Expec{Q(p)} = [7, dAp(D)S (B, 2)

Expec{y"1Q(p,)y"20(p,)y"3} =

=" dapW{y*1S®1, Dy*25 (b, Dy}

and so on.
The gauge invariance of the "square - root” NQED means that every matrix elements of the S - matrix (61)
defining the concrete electromagnetic processes have a definite structure, and algebraical relations exist between
them. In particular, in the momentum representation, the so - called vacuum polarization diagram like (in Figure
4) in the second order of the perturbation theory has the form

M, () = (kky — g kDT (62)

and the relation

251®) _
opy

—I° (0, @)l g=o

is valid between the vertex function Iﬁ's(p, q) and the self - energy of the "square - root" electron £5(p). The

relation (66) generalizes the Ward - Takahashi identity in QED. Here in accordance with (64), we have

~ _ip2 . R
i) = (2:)4 J" dap() [ d*kD,(k¥)y" S — k, Ay*
and
~ i 2
B, ) = 57 [ A4y ((p = 0212)
X Expec (1" Qg + )y*Ak)y"} =
.2 -
= Gt [ @) [ d*kDi((0 = K)*P)y*S(@ + K, Dy* %
x $(k, Dy"
where
A 1
(p; A) - (l—ﬁ)
and
D k2 lZ _ Vl(kzlz)
l( ! ) - —k2—ie
Fort the proof of the relation (66) consider the identity
aS@B A i .
S = S MrS (.2
u

Further, it is easy to verify the identity (66) by differentiating (67) over p, and making use of the equality (69)
as well as choosing other momentum variables in (68) and assuming ¢ = 0,p" = p + q = p. The relations of the

type
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(65)

(66)

(67)

(68)

(69)
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WL @Dy =0
follows from the definition
G Expec Q@)Y Q)Y = q, [7 " dAidA,p(21)p(Az) X

X S(B1, AV S (o 1) “EEE = Alpy) — B(py) =
=0, 2pD[S@1, D) = $(2, 1] (70)

ifqg=p —p2
Now let us demonstrate that the gauge invariance of the vacuum polarization diagram in the "square - root
NQED and its matrix element is given by

M, (k) = e2Eqpec {[ a*pTr{y"8p + )y* A} =

=e? [0 dAp() [ dpTr{y*S® +k)y*S(®, 1)} (71)
Here we have used the d-dimensional gauge invariant regularization procedure due to [31] and the definition
(64). After some calculations we obtain the same structure as in (65):

s gimd/2 1
I, () = 3T (2 - 3d) (kky = k2g,0) %

d
x [ dAp(2) fol dxx(1—x)[22 — k2x(1 — x)]2 7% (72)
which is manifestly gauge invariant. Calculation of the matrix elements for £5(p) and f,f's(p, q) can be carried
out by the same method as in (27) and (32) where we have to change m — A.

In conclusion, we notice that similar modification of the Newtonian potential (1) and (5) gives rise to a finite
quantum gravitational theory with the causal Green function for the graviton:

_ Vi(-p?1?)
uv iy () = (2n)4 f pe P Huv PO (p) x

218

where the projecting tensor [T (p) is given by the expression:

wv ,po

0, 0 @) = dy @)dus ) + dus D)y, () — %duv ®)dps (),

duy (D) = Guv — Pubv/P?
and V;(—p?1?) is defined by the same formula (7). Here [ should be changed by the Planck length:

> 1y = /h% = 1.62 x 1073 cm

where Gy is the Newtonian constant.

References

[1]. Feynman, R. (1949) // Phys. Rev. 79,749,7609.

[2]. Tomonaga, S. (1946) // Progr. Theor. Phys. 1, 27.

[3]. Schwinger, J. (1959) // Phys. Rev. Lett. 3, 296.

[4]. Schwinger, J. (1948) // Phys. Rev. 74, 1439.

[5]. Dyson, F.(1949) // Phys. Rev. 75, 486

[6]. Weinberg, S. (1967) // Phys.Rev.Lett. 19, 1264.

[7]. Salam, A. (1969) in Elementary Particle Theory ed. N.Svartholm, Almquist and Wiksell, Stockholm,
p.367.

[8]. Markov, M.A. (1959) // Nuclear Phys. 10, 140.

[9]. Weyl,H. (1927) // Zeitschrift fur Physik, 46, 38.

[10]. Smith, J.R. (1993). Second quantization of the square - root Klein - Gordon Operator, Microscopic
causality, Propagators and Interaction, Univ. California, Davis, CA, Preprint UCD/11, RPA-93-13.

[11]. Castorina, P. et.al. (1984) // Phys. Rev., D29, 2660.

[12]. Friar, J.L., and Tomusiak, E.L. (1984) // Phys. Rev. C29, 1537.

[13]. Nickisch, L.J. et.al., (1984) // Phys. Rev., D30, 660.

[14]. Hardekopf, G. and Sucher, J.(1985) // Phys. Rev., A31, 2020.

v" *\\:
l Journal of Scientific and Engineering Research

204



Namsrai K Journal of Scientific and Engineering Research, 2019, 6(8):195-205

[15].
[16].
[17].
[18].
[19].
[20].
[21].
[22].
[23].

[24].

[25].
[26].
[27].
[28].
[29].
[30].

[31].

s

—
P

\;;"\\;
/*l# Journal of Scientific and Engineering Research

Papp, E.(1985). Quasiclassical upper bounds on the nuclear charge, Munich - Print, Munich.
Kaku, M. (1988). Introduction to superstrings, Springer, New York, pp. 48-58.

Fiziev, P.P.(1985) // Theoret. and Math. Phys. (Russian), 62,123.

Berezin, V.(1997a) // Nucl. Phys. B (Proceed. Suppl.) 57,181.

Berezin,V. (1997b) // Phys. Rev. D55, 2139.

Berezin, V.et.al.(1998) // Phys. Rev. D57, 1108.

Namsrai, Kh. (1998) // Inter.J.Theoret. Phys., 37, 1531.

Efimov, G.V. (1977). Nonlocal interactions of quantized fields, Nauka, Moskow.

Namsrai, Kh. (1986). Nonlocal quantum field theory and stochastic quantum mechanics, D.Reidel,
Dordrecht, Holland.

Bogolubov,N.N., and Shirkov, D.V. (1980). Introduction to the theory of quantized fields, 3" ed. Wiley
- Intersience, New York.

Hanneke, D. et.al. (2008) // Phys. Rev. Lett. 100, 120801.

Hanneke, D. et. al. (2011) // Phys. Rev. A83, 052122

Bennett, G.W. et. al. (2004) // Phys. Rev. Lett. 92, 161802.

Roberts, B.L. (2010) // Chinese Phys. C34, 741.

Aoyama, T. et. al. (2012) // Phys. Rev. Lett., 109, 111808; Phys. Rev. D85, 033007.

Weinberg, S. (1995). The quantum theory of fields, vol. 1. Foundations, Cambridge Univ. Press,
Cambridge.

't Hooft, G. and Veltman, M. (1972) // Nucl. Phys. B44, 189.

205



