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Abstract. The cosmological constant problem arises because the magnitude of
vacuum energy density predicted by quantum field theory is about 120 orders of
magnitude larger than the value implied by cosmological observations of accelerating
cosmic expansion. We pointed out that the fractal nature of the quantum space-time
with negative Hausdorff- Colombeau dimensions can resolve this tension. The canonical
Quantum Field Theory is widely believed to break down at some fundamental
high-energy cutoff A, and therefore the quantum fluctuations in the vacuum can be
treated classically seriously only up to this high-energy cutoff. In this paper we argue that
Quantum Field Theory in fractal space-time with negative Hausdorff-Colombeau
dimensions gives high-energy cutoff on natural way.We argue that there exists hidden
physical mechanism which cancel divergences in canonical
QED4, QCDy4, Higher-Derivative-Quantum-Gravity, etc. In fact we argue that
corresponding supermassive Pauli-Villars ghost fields really exists.Ilt means that there
exist the ghost- driven acceleration of the univers hidden in cosmological constant.

In order to obtain desired physical result we apply the canonical Pauli-Villars
regularization up to A..This would fit in the observed value of the dark energy needed to
explain the accelerated expansion of the universe if we choose highly symmetric masses
distribution between standard matter and ghost matter below that scale A,,i.e.,
fsm(u) = —fgm(u), 1 = mcu < uat, teiC < A« The small value of the cosmological
constant explaned by tiny violation of the symmetry between standard matter and ghost
matter.Dark matter nature also explaned using a common origin of the dark energy and
dark matter phenomena.
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1.Introduction

1.1.The cosmological constant problem and Quantum

Field Theory in fractal spacetime with negative dimension.

One of the greatest challenges in modern physics is to reconcile general relativity and
elementary particles physics into a unified theory. Perhaps the most dramatic clash
between the two theories lies in the cosmological constant problem [1-6] and in the
problem of the Dark (i.e., non-luminous and non-absorbing) Matter nature is, arguably,



the most widely discussed topic in contemporary particle physics.Naive predictions of
vacuum energy from canonical quantum field theory predict a magnitude so high that the
expansion of the Universe should have accelerated so quickly that no any structure
could have formed. The predicted rate of acceleration resulting from vacuum energy is
famously 120 orders of magnitude larger than what is observed. In order to avoid these
difficultnes mentioned above we assume that:(i) physics of elementary particles
essentially is separated into low/high energy ones, (ii) the standard notion of smooth
spacetime is assumed to be altered at a high energy cutoff scale A. and a new
treatment based on QFT in a fractal spacetime with negative dimension is used above
that scale A..In this paper we argue that Quantum Field Theory in fractal space-time
with negative Hausdorff-Colombeau dimensions [15] gives high-energy cutoff on natural
way.No one knows what dark energy is, but we need it to explain the discovered
accelerated expansion of the Universe. The most elegant and natural solution is to
identify dark energy with the energy of the quantum vacuum predicted by Quantum Field
Theory, but the trouble is that QFT predicts the energy density of the vacuum to be
orders of magnitude larger than the observed dark energy density:

£de = 7.5 x 10-2kg/m?. (1.1.1)

Recall that it was stressed by Zeldovich [1] that quantum field theory generically
demands that cosmological constant or, let us repeat, what is the same, vacuum energy
is non-vanishing.Summing the zero-point energies of all normal modes of some
quantum field of mass mup to a wave number cut-off A./c? > m, QFT yields [1],[5] a

vacuum energy density
Evec ~ | z d°pyp?+m? = pt. (1.1.2)

1.2. Sources of Vacuum Energy

It is not excluded experimentally that the number of fermionic and bosonic species in
Nature are the same. Moreover it is practically a necessity, because otherwise vacuum
energy density would be infinite. Still the masses of bosons and corresponding fermions
are different and, with arbitrary relations between their masses, only the leading term,
which diverges as the fourth power of the integration limit, would be canceled out.
However in some supersymmetric theories with spontaneous symmetry breaking there
may be specific relations between masses of different fields which ensure the
compensation not only of the leading term but also quadratically and logarithmically
divergent terms. This looks as a very strong argument in favor of such models. However
the finite terms are not compensated. Moreover in global supersymmetric theories finite
contributions into pvac must be nonzero and by the order of magnitude they are equal to

evac = Miysy (1.2.1)

where m*“s¥is the scale of supersymmetry breaking. It is known from experiment that
Msusy> 100 GeV. Correspondingly evac’ > 108 GeV, i.e. 55 orders of magnitude larger than
the permitted upper bound. In more advanced supersymmetric theories which include
gravity (the so called supergravity or local supersymmetry) the condition of
non-vanishing vacuum energy in the broken symmetry phase is not obligatory. However,
if one does not take a special care, the value of vacuum energy in



unbroken supergravity models is typically about mg, ~ 10”® GeV. One can choose in
principle the parameters in such a way that this contribution into pvac is compensated
down to zero with the accuracy 10722 but this demands a fantastic fine-tuning.

One more source of vacuum energy is the energy of the scalar (Higgs) field in the
theories with spontaneous symmetry breaking.

1.3.New Model of "Nullification” of Vacuum Energy

Several possible approaches to the problem of vacuum energy have been discussed
in the contemporary literature, for the review see ref. [5]. They can be roughly devided
into four different groups:

(1) Modification of gravity on large scales.

(2) Anthropic principle.

(3) Symmetry leading to pyac = O.

(4) Adjustment mechanism.

(5) Hidden nonstandard matter sector and corresponding

symmetry leading to pyac =~ O.

1.A modification of gravity at large scales should be done in such a way that the
general

covariance, which ensures vanishing of the graviton mass, is preserved, energy

momentum tensor is covariantly conserved, and simultaneously the vacuum part of
this

tensor, which is proportional to g,,,does not gravitate. This is definitely not an easy
thing

to do. Possibly due to this reasons there is no satisfactory model of this kind at the

present time.

2.Anthropic principle states that the conditions in the universe must be suitable for life,

otherwise there would be no observer that could put a question why the universe is
such

and not another. With cosmological constant which is as large as predicted by natural

estimates in quantum theory, life of our type is definitely impossible. Still this point of
view

does not look very appealing. The situation is similar to the one that existed in the

Friedmann cosmology before inflationary resolution of the fundamental cosmological

problems has been proposed. There is one more difficulty in the implimenttion of the

anthropic principle. Even if we assume that it is effective, there are no visible building
blocks to achieve the necessary compensation of vacuum energy. One can say of
course

that this compensation is not achieved by a physical field but just by a subtraction

constant or in other words by a choice of the position of zero on the energy axis. In
other

words it is assumed that there is some energy coming from nowhere, which exactly

cancels out all the contributions of different physical fields. Though formally this is not

excluded, it definitely does not look beautiful.

3.Probably the most appealing would be a model based on a symmetry principle

which forbids a nonzero vacuum energy. Such a symmetry should connect known

fields with new unknown ones. Some of those fields should be very light to achieve



the cancellation on the scale 10-3eV. Neither such fields are observed, nor such a

symmetry is known.

4. An adjustment mechanism seems the most promising one at the present

time. The idea is similar to the mechanism of solving the problem of natural CP-

conservation in quantum chromodynamics by the axion field. The axion potential

automatically acquires a minimum at the value of the field amplitude that cancels out
the

CP-odd contribution from the so called theta-term, 6GG. Similar mechanism can

hopefully kill vacuum energy. Let us assume that there is a very light or massless field

coupled to gravity in such a way that it is unstable in De Sitter background and
develops

the condensate whose energy-momentum tensor is equal by magnitude and opposite
by

sign to the original vacuum energy-momentum tensor. Though it looks rather
promising, it

is very difficult, if possible at all, to construct a realistic model based on this idea.

5.Hidden nonstandard matter sector and corresponding symmetry leading to pyac ~ O.

The luminous (light-emitting) components of the universe only comprise about 0.4% of
the

total energy. The remaining components are dark. Of those, roughly 3.6% are
identified:

cold gas and dust, neutrinos, and black holes. About 23% is dark matter, and the

overwhelming majority is some type of gravitationally self-repulsive dark energy.

There is no candidate in the standard model of particle physics.In what way does dark

matter extend the standard model?

Remark 1.3.1.In order to explain physical nature of dark matter sector we assume that

main part of dark matter,i.e., ~ 23% — 4.6% = 18% (see Fig.2.3.3) formed by

supermassive ghost particles vith masess such that m¢? > A..

Remark 1.3.2.In order to obtain QFT description of the dark component of matter in

natural way we expand now the standard model of particle physics on a sector of
ghost

particles. QFT in a ghost sector developed in Sect.3.1-3.4 and Sect.4.1-4.8.

The paper is organized as follows:

In Sec.2, classical Zel'dovich approuch [1] to cosmological constant problem revisited.

In Sec.2.1, we summarize the aspects of the cosmological constant problem that are

relevant to this work.

In Sec.2.2, we summarize the model of cosmological dynamics in the presence of a

vacuum energy that was introduced in [1-4], and how it attempts to resolve the
problem.

In Sec.2.3, dark matter nature is considered. We argue that dark matter sector
essentially

formed only by super massive ghost particles.The Standard Model of fundamental

interactions is extendent on a ghost sector.

In Sec.3, Pauli-Villars ghosts as physical dark matter is considered.

In Sec.3.1,Pauli- Villars renormalization of the A¢4 field theory by using Pauli-Villars



host

fields is considered.New physical interpretation of the scalar Pauli-Villars host fields is

given.

In Sec.3.2, Pauli-Villars renormalization of the the QEDs by using Pauli—Villars ghost

fields is considered. New physical interpretation is given.

In Sec.3.3, High covariant derivatives renormalization as Pauli—Villars renormalization
of

non-Abelian gauge theories.New physical interpretation is given.

In Sec.3.4, Pauli-Villars renormalization of QED, via Colombeau generalized functions
is

considered successfully.The physical significance of Pauli-Villars renormalization

is explained.

In Sec.4,we construct OFT in a ghost sector via dimensional renormalization
supported

by Colombeau generalized functions.

In Sec.4.1, Dimensional Regularization via Colombeau generalized functions is given.

In Sec.4.2, the scalar theory A¢} in standard sector via Colombeau generalized
functions

in one-loop approximation is given.

In Sec.4.3, the scalar theory A¢} in a ghost sector via Colombeau generalized
functions

in two-loop approximation is given.

In Sec.4.4, quantum electrodynamics in a ghost sector via Colombeau generalized

functions is given.

In Sec.4.5, quantum chromodynamics in a ghost sector via Colombeau generalized

functions is given.

In Sec.4.6, the general structure of the R-operation in a ghost fields sector via

Colombeau generalized functions is given.

In Sec.4.7, the renormalization Group in a ghost sector is considered.

In Sec.4.8, dimensional regularization and the MS scheme in a ghost sector is given.

In Sec.5, the higher-derivative-quantum-gravity is considered as physical
guantum-gravity

theory below high energy cutoff A.The renormalizable models of quantum-gravity
which

we have considered in this section, many years mistakenly regarded only as
constructs for

a study of the ultraviolet problem of quantum gravity. The difficulties with unitarity
appear

to preclude their direct acceptability as canonical physical theories in locally Minkowski

space-time. In canonical case they do have only some promise as phenomenological

models.However, for their unphysical behavior may be restricted to arbitrarily large
energy

scales mentioned above by an appropriate limitation on the renormalized masses m,
and

mo.Actually, it is only the massive spin-two excitations of the field which give the
trouble



with unitarity and thus require a very large mass. The limit on the mass mg is
determined

only by the observational constraints on the static field.

In Sec.6, Hausdorff-Colombeau measure and associated negative
Hausdorff-Colombeau

dimensions is considered successfully.

In Sec.6.1, we provide fractional integration in negative dimensions on natural way via

Colombeau generalized functions.

In Sec.6.2, Using Hausdorff measure with associated positive Hausdorff dimension
the

rigorous definition of the Colombeau-Feynman path integral in D = 4 from dimensional

regularization is given.

In Sec.6.3, we provide Hausdorff-Colombeau measure and associated negative

Hausdorff-Colombeau dimensions.

In Sec.6.4, we provide the main properties of the Hausdorff- Colombeau metric

measures with associated negative Hausdorff-Colombeau dimensions.

In Sec.7, we provide scalar quantum field theory in spacetime with Hausdorff-

Colombeau negative dimensions.

In Sec.7.1,the equation of motion and Hamiltonian in spacetime with Hausdorff-

Colombeau negative dimensions is considerd.

In Sec.7.2,propagator of a free scalar quantum field in configuration space with

Hausdorff-Colombeau negative dimensions is considerd.

In Sec.7.3,Green’s functions corresponding to a self-interecting scalar quantum field in

spacetime with Hausdorff-Colombeau negative dimensions is considerd.

In Sec.7.4,saddle-point evaluation of the Colombeau-Feynman path integral

corresponding to a self-interecting scalar quantum field in negative dimensions is

considerd successfully.

In Sec.7.5,an criteria of the power-counting renormalizability of P(¢) - scalar quantum

field theory in negative dimensions D~ < 0 is considerd successfully.

In Sec.7.6,we have proved power-counting renormalizability of Einstein gravity in

negative dimensions.

In Sec.7.7,an criteria of thepower-counting renormalizability of Horava gravity in
negative

dimensions.

In Sec.8,the solution cosmological constant problem is considerd successfully.

In Sec.8.1,Zeropoint energy density corresponding to Einstein-Gliner-Zel’dovich
vacuum

with tiny Lorentz invariance violation is considerd.

In Sec.8.2,Zeropoint energy density corresponding to a non-singular Gliner cosmology

is considerd.

In Sec.8.3, Zeropoint energy density in models with supermassive physical ghost
fields

is considerd.

In Sec.9, we compare the classical and non classical assumptions that are made in
the

different formulation of the cosmological constant problem.



In Sec.9.1,we briefly review the canonical assumptions that are made in the usual

formulation of the cosmological constant problem.

In Sec.9.2,we list the modified assumptions that are made in this paper.

In Sec.9.3,

In Sec.9.4,

In Sec.9.5,

In Sec.9.6,semiclassical Moller-Rosenfeld gravity via aprouch proposed in this paper

is considerd. We conclude that Moller-Rosenfeld equation holds again in a good

approximation.

In Sec.9.7,we briefly discussed higher-derivative quantum gravity at energy scale
A< A,

and corresponding controlable tiny violetion of the unitarity condition.

We conclude with the physical significance of the new results in Sec.9-10.

2. Zel'dovich approach to cosmological constant problem
by using Pauli-Villars regularization revisited.Ghost
particles as physical dark matter.

2.1.The formulation of the cosmological constant problem.

The cosmological constant problem arises at the intersection between general
relativity and quantum field theory, and is regarded as a fundamental unsolved problem
in modern physics. Remind that a peculiar and truly quantum mechanical feature of the
quantum fields is that they exhibit zero-point fluctuations everywhere in space, even in
regions which are otherwise ‘empty’ (i.e.devoid of matter and radiation).This vacuum
energy density is believed to act as a contribution to the cosmological constant 4
appearing in Einstein’s field equations from 1917,

Ry = %guvR = SgA,G T 211

where R,, and Rrefer to the curvature of space-time, g, is the metric, T,, the energy-
momentum tensor,

1 0 0O
T =Tt $6| o 0 1 0 2.1.2)
0 0 01

where T, is the energy-momentum tensor of matter. Thus Toy = Too + €3,
T;ﬁ = Taﬁ + 5aﬁp/1, where
£, = —P; = c*A8rG. (2.1.3)
Remind that under Lorentz transformations (s4,Pa) - &}, (ea,Pa) - P}, the quantities
ea and P, are changes by law
8/1+ﬁ2P/1 P/1+ﬁ281
1-p2 1- B2
Thus for the quantities ¢, and P, Lorentz invariance holds by Eq.(2.1.3) [1].

P; = (2.1.4)

g =



In modern cosmology it is assumed that the observable universe was initially
vacuumlike, i.e., the cosmological medium was non-singular and Lorentz invariant. In
the earlier, non-singular Friedmann cosmology the Friedmann universe comes into
being during the phase transition of an initial vacuumlike state to the state of ‘ordinary’
matter [2],[3].

The Friedmann equations start with the simplifying assumption that the universe is
spatially homogeneous and isotropic, i.e. the cosmological principle; empirically, this is
justified on scales larger than ~100 Mpc. The cosmological principle implies that the
metric of the universe must be of the form Robertson-Walker metric [2].
Robertson-Walker metric reads

ds? = dt? a2(t)[1d—f;r2 T r2(d62 + gnzedqﬂ)] (2.1.5)
For such a metric, the Ricci curvature scalar is R = —6k and it is said that space has the
curvature k. The scaling factor a(t) rescales this curvature for a given time t, producing a
curvature k(t) = k/a(t). The scaling factor a(t) is given by two independent Friedmann
equations for modeling a homogeneous, isotropic universe reads

GCea? ka-= —%(g +3p) (2.1.6)

22 _
a=3

and the equation of state

p = p(e), (2.1.7)
where p is pressure and ¢ is a density of the cosmological medium. For the case of the
vacuumlike cosmological medium equation of state reads [1],[2],[3],[4]:

p=—¢. (2.1.8)

By virtue of Friedman’s equations (2.1.6) in the Universe filled with a vacuum-like
medium, the density of the medium is preserved, i.e. ¢ = const but the scale factor a(t)
grows exponentially. By virtue of continuity, it can be assumed that the admixture of a
substance does not change the nature of the growth of the latter, and the density of the
medium hardly changes. This growth, interpreted by analogy with the Friedmann models
as an expansion of the universe, but almost without changing the density of the medium!
- was named inflation. The idea of inflation is the basis of inflation scenarios [2].

Non-singular cosmology [2],[3],[4] suggests that the initial state of the observable
universe was vacuum-like, but unstable with respect to the phase transition to the
ordinary non-Lorentz-invariant medium. This, for example, takes place if, by virtue of the
equations of state of the medium, a fluctuation decrease in its density d violates the
condition of vacuum-like degeneration, p = — or, which is the same, 3p+¢ = —2¢ < 0,
replacing it with

—-26<3p+e<0. (2.1.9)

According to Friedman’s equations, it corresponds to an accelerated expansion of the
cosmological medium, accompanied by a drop in its density, which makes the process
irreversible [2]. The impulse for expansion in this scenario, the vacuum-like environment,
is not reported to itself (bloating), but to the emerging Friedmann environment.

In review [5], Weinberg indicates that the first published discussion of the contribution
of quantum fluctuations to the cosmological constant was a 1967 paper by Zel'dovich
[6].In his article [1] Zel'dovich emphasizes that zeropoint energies of particle physics
theories cannot be ignored when gravitation is taken into account, and since he explicitly



discusses the discrepancy between estimates of vacuum energy and observations, he is
clearly pointing to a cosmological constant problem. As well known zeropoint energy
density of scalar quantum field,etc.is divergent

Evac(M) = ﬁ . JP? + m?c? p2dp = . (2.1.10)

In order avoid difficultnes mentioned above, in article [1] Zel'dovich has applied
canonical Pauli-Villars regularization [7],[8] and formally has obtained an finite result (his
formulas [1], Egs. (VII1.12)-(VI11.13) p.228)

Hetf

4
b = P = g [ Hpinudu = £L, (2.1.10)
0
where
Hetf Hetf Heif
J tandu = [ tGouPdu = [ toutdu = 0 (2.1.12)
0 0 0

Remark 2.1.1.Unfortunately the Eq(2.1.11)-Eq(2.1.12) gives nothing in order to obtain
desired small numerical values of the zero-point energy density eyqc.It is clear that
aditional physical assumptions is needed.

In his paper [1], Zel'dovich arrives at a zero-point energy (his formula [1],Eq.(1X.1))

3
Evac = m(%) ~ 10Yg/er?, 4 ~ 102, (2.1.13)

where m (the ultra-violet cut-of ) is taken equal to the proton mass. Zel'dovich notes that
since this estimate exceeds observational bounds by 46 orders of magnitude it is clear
that "...such an estimate has nothing in common with reality".

In his paper [1], Zel'dovich wroted:" Recently A.D. Sakharov proposed a theory of
gravitation, or, more precisely, a justification GR equations based on consideration of
vacuum fluctuations.In this theory, the essential assumption is that there is some
elementary length L or the corresponding limiting momentum po = %/L. Shorter lengths
or for large impulses theory is not applicable. Sakharov gets the expression of
gravitational constant G through L or po (his formula [1],Eq.(IX.6))

_ c%L? _ hcd
G_T_E' (2.1.14)

This expression has been known since the days of Planck, but it was read "from right
to left": gravity determines the length L and the momentum po. According to Sakharov, L
and po are primary. Substitute Eq.(IX. 6) in the expression Eq.(IX.4) (see [1]), we get

6~5 6~7

pa = %,sm = r;% ;133 . (2.1.15)
That is expressions that the first members (in the formulas [1],Egs.(VIII.10)-(VIII. 11))
which are vanishes (with po - «).Thus, we can suggest the following interpretation of the
cosmological constant: there is a theory of elementary particles, which would give
(according to the mechanism that has not been revealed at the present time) identically
zero vacuum energy, if this theory were applicable infinitely, up to arbitrarily large
momentum; there is a momentum po, beyond which the theory is nont aplicable; along
with other implications, modifying the theory gives different from zero vacuum energy;
general considerations make it likely that the effect is portional pg?.Clarification of the




guestion of the existence and magnitude of the cosmological constant will also be of
fundamental importance for the theory of elementary particles".

In contrast with Zel'dovich paper [1] we assume that Poincaré group is deformed at
some fundamental high-energy cutoff A. [9],[10],[11] in accordance on the basis of the
following deformed Poisson brackets

{X#!XV} = X—l(xyn0v - XVU”O), {py,pv} =0,
X, pY} = -+ 2 inOpY
where u,v,= 0,1,2,3, n*¥ = (+1,-1,-1,-1) and x is a parameter identified as the ratio

between the high-energy cutoff A, and the light speed. The corresponding to (2.1.16)
momentum transformation reads [11]

(2.1.16)

ol = ¥ (Po — Upx) Dl = 7 (Px — Upo/c?)
L+(@) [/ -Dpo-yup] " 1+(@) [ -Dpo-yup]’ (5417
D, = Py o Pz

1+ () [0~ Dpo—7upd " 1+ (@) [ - Lpo—yupd]
and coordinate transformation reads [11]
0 y(t—ux/c?) o = y(X— ut)
C @)@ -Dpo-rupd (51 1g)

1+ (ex) ™' [(¥ = 1)Po — yupx]

y/: y I Z

1+ (o0 (- Dpo—7upd =~ 1+ (@) (7 - Lypo— yupd

where y = ,/1-u?/c?.It is easy to check that the energy E = cx , identified as the
high-energy cutoff A., is an invariant as it is also the case for the fundamental length
[A, = hClE = hix.

Remark 2.1.2. Note that the transformation (2.1.17) defined in p-space and the
transformation (2.1.18) defined in x-space becomes Lorentz for small energies and
momenta and defines a large invariant energy ;1. The high-energy cutoff A, is
preserved by the modified action of the Lorentz group [9],[10].

This meant that the canonical concept of metric as quadratic invariant collapses at
high energies, being replaced by the non-quadratic invariant [9]:

2 _ _1°"Papy
Ipll* = IR (2.1.19)
or by the non-quadratic invariant
ab
2 N°PaPb
Ipll* = A= Tvpo) (2.1.20)

where I, = A;t,a,b=0,1,23.
Remark 2.1.3.Note that:
(i) the invariant (2.1.16) is infinite for the new negative invariant energy scale of the
theory A, = —I31, and it's not quadratic for energies close or above and
(i) the invariant (2.1.17) is infinite for the new positive invariant energy scale of the
theory A, = I3L.
Remark 2.1.4.1t is also clear from Eq.(2.1.16) and Eq.(2.1.17) that the symmetry of
positive and negative values of the energy is broken.The two theories with the two
signs of |, obviously are physically distinct; and we know of no theoretical argument



which fixes

the sign of |

The massive particles have a positive invariant ||p[|?> > 0 which can be identified with
the

square of the mass ||p||> = m?,(c = 1).Thus in the case of the invariant (2.1.19) we

obtain
pé — p? 2 -1
=m?,po € (-3, ) (21.21)
(1+14.po)? A
From Eq.(2.1.21) we obtain
mZIA 1 m4|12\ 2 2
= 4 4 +me). 2.1.22
In the case of the invariant (2.1.20) we obtain
p5— P’ ) 4
=m?,po € (—oo,l *), (2.1.23)
(1~ 1.Po)? !
From Eq.(2.1.23) we obtain
m2IA 1 m4|12\ 2 2
=— e : m 2.1.24
Po 1—malZ h—mzlf\ ‘/1_m2|/2\* + (p* + m?) ( )

The action for a scalar field ¢ must be invariant under the deformed Lorentz
transformations.The invariant action reads [10]

1 [ s 1%(0a0)(Ob9) | m2
S- Zjd x( Tl st B0t V) ) (2.1.25)
Thus there is no linear field equation even if V(¢) = 0.

Remark 2.1.5.Throughout this paper, we use the perturbative expansion

_ 1 (4 b m? >
S= 1 [ d%(n(0:0)@0) + 92 ) + Ol.). (2.1.26)
and dealing in Lorentz invariant approximation
2
s=1f d4x<nab(6agp)(6b(p) + ngpZ). (2.1.27)

since for |5, < 1the expansion (2.1.26) holds.

2.2. Zel'dovich approuch by using Pauli-Villars
renormalization revisited.What is wrong with Pauli-Villars
renormalization. Ghost particles as physical dark matter.

2.2.1. Zel'dovich approuch by using Pauli-Villars
renormalization revisited.

Remind that vacuum energy density for free scalar quantum field is [1]:

_1_ 1 ” 2 2n2dn — K [ 12 5 2 n2dn —
240 = 3 s jo anc P + uZ pdp Kjo P2+ 2p2dp = Ki(u), (2.2.1)




where u = moc. From the basic definitions [1]

_ _ 1 1 2 _ cp _ 1
_TXX1 - A dlu_ 1XX__ul
P =TouPW) = 5 i3 PU = TP = ()
one obtains
p*d
P(k) = j PP — KF). (2.2.2)

JP?+

Remark 2.2.1.Note that the integral in RHS of the Eq.(2.2.1) and the Eq.(2.2.2)
divergent

and ultraviolet cutoff is needed.

Thus in accordance with [1] we set

e(u, Po) = KI(u,po), p(pt, o) = KF(1, o), (2.2.3)
where

_ (™ 702 _ [P p*dp
I(.po) = [P+ uZ pPdp. F(u,po) = | o (2.2.4)
where poc < A..For fermionic quantum field similarly one obtains [1]
(1, po) = —4KI(u, Po), p(u) = —4KF(u,Po). (2.2.5)
Thus from Egs.(2.2.3)-(2.2.5) by using formally Pauli-Villars regularization [7],[8] and

regularization by high-energy cutoff the expression for free vacuum energy density &
reads

2M
&= fil(ui,po) (2.2.6)
i=0

and the expression for pressure p reads

M
p =" fiF(uipo). (2.2.7)

i=0
Here u; is a finite positive sequence ui € R,,i = 1,2,...,2M and f; is a finite sequence
fieRfi<li=12...,2M.
Definition 2.2.1.We define now discrete distribution fpy : R, — R by formula
fev(ui) = fi, (2.2.8)
and we will call it as a full discrete Pauli-Villars masses distribution.
Remark 2.2.2.We assum now that in Egs.(2.2.6)-(2.2.7): (i) the quantities

w™ =i, =1,2,...,Mis amasses of a physical particles corresponding to standard
matter and (i) the quantities u?™ = ui,i = M+1,2,...,2M is a masses of ghost
particles

with a wrong kinetic term and wrong statistics corresponding to a physical dark matter.
Remark 2.2.3.We recall that the Euler-Maclaurin summation formula reads

> ™ gz + (= Dh) = [ ) da+ Aalg(rizm) — 9us)] +

H1

Ahlg (uaw) - g'(u1)] + O(h?), (2.2.9)
f(w) = +9()



Let g(u) be an appropriate continuous function such that: (i) g(ui) = fi,i = 1,2,...,2M,

(i) g'(uom) = 0,9 (1) = 0.
Thus from EQgs.(2.2.6)-(2.2.7) and Eqgs.(2.2.9) we obtain

2M
&= fil(ui,po) =
i—0

(2.2.10)
[ #01u,po)dha + Adhlf () sz, Po) — f(11)1 (1, Po)] + OCh?)
and
2M
p =2 fiF(ui,po) =
-0 (2.2.11)

I

(1) F (1, Po)dut + Ach[f(uaw)F (am, Po) — F(u1)F (w1, po)] + O(h?).

Definition 2.2.2.We will call the function f(x) as a full continuous Pauli-Villars masses
distribution.
Definition 2.2.3.We define now: (i) discrete distribution f3 : R, — R by formula

foy (u*™) = fi,i = 1,2,...,M (2.2.12)
and we will call it as discrete Pauli-Villars masses distribution of the standard matter
and
(ii) discrete distribution f3' : R, - R by formula
fov'(ui) =fi,i=M+1,2,...,2M (2.2.13)

and we will call it as discrete Pauli-Villars masses distribution of the ghost matter.
Remark 2.2.4.We rewrite now the Egs.(2.2.6)-(2.2.7) in the following equivalent form

M 2M
&= fov ™M™ po) + D (i) (uith o) (2.2.14)
i=1 ji)=M+1
and
M M
p =2 v (uEMFEmpo) + D (il )F (uihpo). (2.2.15)
i=1 jiH)=M+1

where j(i) =1+M,i=1+1,2,...,M.
Remark 2.2.5.We assume now that: (i) ui™ ~ yﬁ(‘i';‘,(ii)

v (s + 8" (i | < e,

fov (uf™) ~ —F&0" Cuity) - (2.2.16)
Note that Eq.(2.2.16) meant highly symmetric discrete Pauli-Villars masses
distribution

between standard matter and ghost matter below that scale A.
Thus from Egs.(2.2.14)-(2.2.15) and Egs.(2.2.16) we obtain



M M
e =Y for (™™ po) + D TR Ui (ui.po) =
i1

j(i)=M+1

" (2.2.17)
[TV Gs™ + T (i) 1ispo)
i=1
and
M M
p= D S EmFus™po) + . (et F(uipo) =
i=1 j()=M+1 (2 9 18)

M

o[ s + 1 (e JFuipo).

i=1

From EQs.(2.2.17)-(2.2.18) and Egs.(2.2.9) finally we obtain

M
&= [ fan(us™ + 18" Cuit) |1, po) =
1 (2.2.19)

[ T88m ) + 18760 ] u oyl

M

and
M
p= DoA™ + 187 (i) JFuim =
i1 (2.2.20)
Heft sm m
[ TG0 + 87 F(upo)d
where obviously
fov (1) + T8V (1) = fev(u) = O. (2.2.21)

Definition 2.2.5.We will call f5y'(1) and f&"(1) as continuous Pauli-Villars masses
distribution of the standard matter and ghost matter correspondingly.
Thus finally we obtain

#(ua o) = | fou)1 1, po)d, (2.2.22)
and
P(tar,Po) = [ Z fov(1)F (1, Po)di, (2.2.23)

In order to calculate e(u«t, Po) and p(uet, Po) let us evaluate now the following quantities
defined above by Egs.(2.2.4)

Po P Po
(w.po) = [ p2 o7+ uZdp = [ p? o2+ u?dp+ [ p2[p7 + uZdp =
0 0 Pu

Pu > Po 5
= Ip3 /1+%dp+_|‘p3 /1+%dp
0 Pu

(2.2.24)



and

p
1 (__p'dp 1 pidp 1 p*dp
F([J,po) = a Y + 5 =
e et
Py o (2.2.25)
1] pP’dp . 1 __pPdp
3 112 3 112 '
0 1+ F Pu 1+ F
where p, = ru,r > 1,u/p < Ur < 1.Note that
2 2 4 6
2 _ 10 14 1/
1+ 02 1+2p2 8 b + 96 o8 +..
i \ ) (2.2.26)
2 [2 2_3/ Moo 3,1 20 1 H 1 H
p p+[.1 _p 1+p2 p+2.up 8p+16p+
By inserting Eq.(2.2.26) into Eq.(2.2.24) one obtains
I(,po) = Capr*+ dp§+ Tu2pg - Luin( B2 ) - L Lo v o), (2.2.27)
where Cyu* = I p?./p? + u? dp. Note that:
0
2\ 1u®, 34t 5 pt
1+F Zl—EF-}—gF—EF-}—.... (2228)

By inserting Eq.(2.2.28) into Eq.(2.2.25) one obtains
_ 4, 1 4 4 Po 5 0 | s 8
F(u,po) = Con + b - Fupd+ gutin(G2 ) + 351 +po ow®).  (2.2.29)
By inserting Eq.(2.2.27) into Eq.(2.2.22) one obtains

e(Uet, Po) =

Hetf Hetf Hetf

%pé I fev(u)du + %p% I fpv(u)u?du + (Cl - % Inpo> J; fev(u)utdu +
0 0

(2.2.30)
Heft Heft Heft
+— f fev(u)ut(Inp)du — (pl ) 2 f fpv(u)uedu+0<f fov(u)u® )IOOS-
By inserting Eq.(2.2.29) into Eq.(2.2.23) one obtains
P(Leff, Po) =
Heff Heft Heft
08 [ fevndu - 08 | fovwmedu+ (Co+ L1npo) [ fev(u)u'du -
o 0 0 (2.2.31)

Heff Hetf Hett
- f fev(u)ut(Inp)du + (pS ) 3 f frv(u) uodu + O(I fev(u)u® >p05-

We formally choose now [1]



Heff Heff Heft

I fev(u)du = I fev(u)p?du = f fev(u)utdu = 0. (2.2.32)
0 0 0

By inserting Eq.(2.2.32) into Egs.(2.2.30)-(2.2.31) one obtains

Heft
e(uar,Po) = 5 [ fev(u(Inu)du + O(pg?),
0

e (2.2.33)
p(uarPo) = —5 | fev(u(Inw)du + O(pg?).
0
Taking the limit pp - « in EQ.(2.2.33) gives
Heff
- L0t 4(Inp)d
e(uar) = g | fevu*(Inu)dy,
Seﬂ (2.2.34)
puar) = —3 | fev(wutinp)du
0
Thus finally we obtain well known Zel'dovich formulas [1]:
Heff
4
sluar) = —Pluer) = & [ fe(wptnudu = £4. (2.2.35)
0

Remark 2.2.6. If we assume that

fov (1) + f7" (1) = fev(p) = 0 (2.2.36)
instead Eq.(2.2.21) we obtain zero value of the cosmological constant A. In this paper
a small value of the cosmological constant explained by tiny violation of the simmetry
required by Eq.(2.2.16).

2.2.2 Pauli-Villars renormalization.What is wrong with
canonical Pauli-Villars renormalization.Ghost particles as
physical dark matter.

Remark 2.2.7. Remind that canonical Pauli-Villars regularization consists of
introducing a
fictitious mass term. For example, we would replace a propagator 1/<k2 -mj+ ie), by

the
regulated propagator

N ai 1 N aQ;
A(K2) = i - — ) 2.2.37
=2, K2-m2+ic  K2-mi+ie 2 K2 — m2 + ie ( )

where ap = 1 and m;,i = 1,2,...N can be thought of as the mass of a fictitious heavy

particle, whose contribution is subtracted from that of an ordinary particle. Assume
that

m?/k? < 1,if we expand each term of this sum (2.2.37) as a power series in k? + ig,i.e.,



a; ai 1 a

= = X
k?—m?+ie  k%+ie 1_ ’Z“i2 k? +ie
ké+ie
2 4 2 ) (2.2.38)
1+ m; o | =B, am + —aim +...
2 +ic (K +ic)? K+ic  (R+i)?  (KR+ie)’

where m?/k? < 1, we get

_ N aj N aim? N 1
A(kz) = Zi:O m + Zizo m + Zi:O O(W) (2.2.39)

For a renormalizable theory the maximum supercriticial power of divergence of any
Feinman integral is quadratic, so that the O(1/k®) terms are ultraviolet finite. The
finiteness of the regulated Feinman integral is then guaranteed by requiring that

>ha =0 am? = 0. (2.2.40)
Remark 2.2.8. Note that in order to obtain renormalized physical quantities canonical
procedure required take the limits limm-. m;,i = 1,...,N of the regulated Feinman

integral.
Unfortunately under these limits the expansion (2.2.38) obviously breaks down since
the
inequalities m?/k? < 1,i = 1,...,Nin the limits limgy,_..m;,i = 1,...,N obviously no longer
holds!Thus canonical Pauli-Villars procedure does not make any rigorous
mathematical
sense.In fact that is formal deletion of the divergences by hands.
Remark 2.2.9. In order to avoid these difficultness mentioned above we have choose
Pauli-Villars masses mpy of order mpy < A./c? or m> A./c? and therefore there is no
problems arises with unitarity condition,see section V.
Remark 2.2.10.We claim that such sufficiently larges Pauli-Villars masses mpy
corresponds to a physical ghost particles which formed Dark Matter sector of the
Universe.
Remark 2.2.11.Note that in order to aply modified Pauli-Villars renormalization
mentioned
above (see Remarks 2.2.9-2.2.10) to QFT with Lagrangian £(¢,y,0,¢,0,.y) we would
replace the Lagrangian £(¢,v,0,¢,0,y) by Lagrangian £(¢,y,8,¢,0,y ), where [7]:

P(X) = p(X) + Zn b n(X, thyn), w(X) = w(X) + Zn Cnin(X, %Byn), (2.2.41)

and where commutator for ¢, and anticommutator for v, reads

[‘bm(XuU%v,m)'¢n(X/1H%v,n)] = —ipnA(X— X/,.U%v,n)men,

5 Y _ / (2.2.42)
{m(X% xym), Wn(X', XByn) b = —ienS(X = X', xByn)Smn.
From the EqQs.(2.2.41)-Eqgs.(2.2.42) one obtains
. N
[Q(X)!Q(Xl)] =1 Zn=0 pnb%A(X_ X/!.HI%V,I’])1 (2 2 43)

[ﬂ(X),y(X,)] =i Z::OSnEnCnS(X - X,’X%V,n)-

Assume now that



Z,:Lo pnbf = O’Z,:lzo pnbfiudy, = O,Zgzosnfncn = O’Z,’:‘:ognz’ncn"%v,n =0 (2244

From Egs.(2.2.44) it follows directly that QFT with Lagrangian £ (¢, y,0,9,0.y) is
finite

QFT with indefinite metric [7]. It meant that a "bad ghosts" with Pauli-Villars masses
HPV,n,

xpvn appears in Lagrangian as real quantum fields corresponding to real ghost
particles.

Remark 2.2.12.Thus we argue that UV divergence in fact arises from physically wrong

Lagrangian £(¢,y,0,¢,0,y) in which Pauli-Villars ghosts ¢ are missing.

Remark 2.2.13.Note that "bad ghosts" represent general meaning of the word "ghost"
in

theoretical physics: states of negative norm [7] or fields with the wrong sign of the
kinetic

term, such as Pauli—Villars ghosts ¢, whose existence allows the probabilities to be

negative thus violating unitarity. The quadratic lagrangian £2 for gZ begins with a wrong

sign kinetic term [in (+ — — —) signature]

€2 = —%auqyaﬂq) ... (2.2.45)

Remark 2.2.14.Note that in order to obtain Egs.(2.2.34), the standard quantum fields
do

not need to couple alwais directly to the ghost sector. In this paper the ghost sector is

considered as real physical mechanism which acts on a function fpy(u) in
Eqgs.(2.2.34).1t

means that there exist the ghost-driven acceleration of the univers hidden in
cosmological

constant A.

Remark 2.2.11.As pointed out in paper [12] even if the standard model fields have no

direct couplings to the ghost sector, they will indirectly interact with it through gravity,
and

the propagation of gravity through the ghost condensate gives rise to a fascinating

modification of gravity in the IR. However,no modifications of gravity can be seen

directly, and no cosmological experiment can distinguish the ghost-driven acceleration

from a cosmological constant.

Remark 2.2.12.In order to obtain desired physical result from Egs.(2.2.35),i.e.,

gvac = 0.7 x 1072°genT? = 2.8 x 1074/GeW/hs3c® (2.2.45)
we assume that

fev(u) = fov'(w) + fV" (1) = 0, (2.2.46)
where fsm (1) corresponds to standard matter and where fym (1) corresponds to a
physical
ghost matter. Obviously Eq.(2.2.46) required tiny violation of the symmetry between
standard matter and ghost matter.
Remark 2.2.13.In additional we assume now that



O(ugt),Nn>1 my<u<u
ffev(u)| = () ° o (2.2.47)
0 B> Mt

where per < A/C = po.
For definiteness we have chosen now that

O(ugt)cosu,n>1 my < pu<
) = 4 O P (2.2.48)
0 M > Heft
where n € N and
p3sin(yuer) < P§, COSY et = 1, (2.2.49)
where y € R.Note that
Heft [J_n [J_n
14 _ Her 4 [l
4 Po Jc; fev(p)du Zy PoSIN(y uet) < 4y Ps,
Heft
L5 [ fevuudu -
0
LDZ[( 2 ZSin( ) —2sin(yu) + 2y pcos( ))lﬂeff] - nugferl p2
2,3 PaLlr = sin(yu 7 + 2ypcos(y )™ ] = = 5P (2.2.50)

Hetf

|
Inpo I fev(u)ptdu = % x
0

[(24sin(yu) + 4yPuPcos(yp) — 12y2usin(yu) + y*utsin(yu) — 24ypcos(yp)) [o™]

4 —n+3
~ “efzf Inpo.
Y
From Egs.(2.2.30)-(2.2.31) and Eqgs.(2.2.50) one obtains
I .
e(Uer,Po) = ———5-P§+ —5— Inpo (2.2.50)
2y Y
and
-n+1 4 -n+3
Puar,po) ~ 22 pg— L jnp,, (2.2.51)
6y Y
Remark 2.2.14.Note that from Egs.(2.2.50)-(2.2.51) it follows
Buqt™
3p(pet, Po) + (peit, Po) = — ) Inpo, (2.2.52)

and according to Friedman’s equations (2.1.6), it corresponds to an accelerated
expansion

of the cosmological medium.

Remark 2.2.15.Note that from Eq.(2.2.47) and Eqgs.(2.2.33) it follows directly that



Het

J futinudu

0

IP(ter)] = le(uen)| = & < O(ugt®Inpar). (2.2.53)

Remark 2.2.16.However the Egs.(2.2.32) required in Zel'dovich paper [1] that is

mathematical abstraction, which arises from Pauli-Villars renormalization procedure
and

nothing more. The Eqgs.(2.2.32) in fact demand the unphysical fine tuning of the mass

distribution fpy(u),i.e.,

Hetf Hetf Hetf

pé [ fovu)d = 093 [ fev(m?du = 0, [ feu(uudu=0.  (2.2.54)
0 0 0

for any po. Obviously the Egs.(2.2.54) unstable relative to arbitrarily small
perturbations of
the mass distribution fpy(u).
Remark 2.2.17.Note that:
(i) any Lorentz invariant theory of elementary particles breaks down under physical
conditions of the stability of the Egs.(2.2.54) relative to arbitrarily small perturbations of
the mass distribution fpy(1) because for Lorentz invariant theory the limit p2 — « is
required (ii) in order to obtain physical model of the cosmological constant without fine
tuning fundamental high-energy cutoff A.is required.
Remark 2.2.18.In order to avoid these difficultnes mentioned above we assume that
(i) physics of elementary particles is separated into low/high energy ones,
(i) the standard notion of smooth spacetime is assumed to be altered at a high energy
cutoff scale and a new treatment based on QFT in a fractal spacetime with negative
dimension is used above that scale
(iii) instead Eqgs.(2.2.54) we assume now that
Heft(Po) Hest(Po) Hest(Po)
pé | fvodu = 0p2 [ fevGouidux 0, [ fvupldu~ 0. (2.254)
0 0 0

required by Eq.(2.2.16).

2.2.3. Problems from non-renormalizability of canonical

guantum gravity with Einstein-Hilbert action.

Remark 2.2.19.However serious problems arises from non-renormalizability of
canonical
guantum gravity with Einstein-Hilbert action

_ 1 4y —
Sen = T [d*x~aRrR (2.2.55)
For example taking A2 particles of energy a per unit volume gives the gravitational
self-energy density of order A$,i.e.,the density ¢,, diverges as A®
en, = GAS, (2.2.56)

where A, is a high-energy cutoff [5].
In order to avoid these difficulties we apply instead Einstein-Hilbert action (2.2.55) the
gravitational action which include terms quadratic in the curvature tensor



3 = - [ d*%Fg (@RwR" - BR? + 2 7R), (2.2.57)

Remark 2.2.20.Gravitational actions (2.2.57) which include terms quadratic in the

curvature tensor are renormalizable [13]. The requirement that the graviton propagator

behave like p= for large momenta makes it necessary to choose the indefinite-metric

vector space over the negative-energy states.These negative-norm states cannot be

excluded from the physical sector of the vector space without destroying the unitarity
of

the S matrix, however, for their unphysical behavior may be restricted to arbitrarily
large

energy scales A, by an appropriate limitation on the renormalized masses m; and mo.

Remark 2.2.21.We assum that moC > pes, MC > .

Remark 2.2.22.The canonical Quantum Field Theory is widely believed to break down
at

some fundamental high-energy cutoff A. and therefore the quantum fluctuations in the

vacuum can be treated classically seriously only up to this high-energy cutoff, see for

example [14]. In this paper we argue that Quantum Field Theory in fractal space-time
with

negative Hausdorff-Colombeau dimensions [15] gives high-energy cutoff on natural
way.

2.3.Dark matter nature. A common origin of the dark
energy

and dark matter phenomena.

Dark matter is a hypothetical form of matter that is thought to account for
approximately 85% of the matter in the universe, and about a quarter of its total energy
density. The majority of dark matter is thought to be non-baryonic in nature, possibly
being composed of some as-yet undiscovered subatomic particles.Its presence is
implied in a variety of astrophysical observations, including gravitational effects that
cannot be explained unless more matter is present than can be seen. For this reason,
most experts think dark matter to be ubiquitous in the universe and to have had a strong
influence on its structure and evolution. Dark matter is called dark because it does not
appear to interact with observable electromagnetic radiation, such as light, and is thus
invisible to the entire electromagnetic spectrum, making it extremely difficult to detect
using usual astronomical equipment



Fig.2.3.1.Dark matter map for a patch of sky

based on gravitational lensing analysis [18].

Fig.2.3.1.Analysis of a giant new galaxy survey, made with ESO’s VLT Survey
Telescope in Chile, suggests that dark matter may be less dense and more smoothly
distributed throughout space than previously thought. An international team used data
from the Kilo Degree Survey (KiDS) to study how the light from about 15 million distant
galaxies was affected by the gravitational influence of matter on the largest scales in the
Universe. The results appear to be in disagreement with earlier results from the Planck
satellite.

This map of dark matter in the Universe was obtained from data from the KiDS
survey, using the VLT Survey Telescope at ESO’s Paranal Observatory in Chile. It
reveals an expansive web of dense (light) and empty (dark) regions. This image is one
out of five patches of the sky observed by KiDS. Here the invisible dark matter is seen
rendered in pink, covering an area of sky around 420 times the size of the full moon.
This image reconstruction was made by analysing the light collected from over three
million distant galaxies more than 6 billion light-years away. The observed galaxy images
were warped by the gravitational pull of dark matter as the light travelled through the
Universe. Some small dark regions, with sharp boundaries, appear in this image. They
are the locations of bright stars and other nearby objects that get in the way of the
observations of more distant galaxies and are hence masked out in these maps as no
weak-lensing signal can be measured in these areas [16-17].

Fig.2.3.2.A simulation of the dark matter distribution
in the universel13.6 billion years ago.
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Fig.2.3.3.Matter and energy distribution in
the universe today.The luminous (light-emitting)
components of the universe only comprise
about 0.4% of the total energy.

The remaining components are dark.

The luminous (light-emitting) components of the universe only comprise about 0.4% of
the total energy. The remaining components are dark. Of those, roughly 3.6% are
identified: cold gas and dust, neutrinos, and black holes. About 23% is dark matter, and
the overwhelming majority is some type of gravitationally self-repulsive dark energy.

Dark
Matter
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Fig.2.3.4.Matter and energy distribution in
the universe 13.7 bullion years ago.

There is no candidate in the standard model of particle physics.In what way does dark

matter extend the standard model?
Remark 2.3.1.In order to explain physical nature of dark matter sector we assume that
main part of dark matter,i.e., ~ 23% — 4.6% = 18% (see Fig.2.3.3) formed by
supermassive ghost particles vith masess such that me¢® > A,.
Remark 2.3.2.In order to obtain QFT description of the dark component of matter in
natural way we expand now the standard model of particle physics on a sector of

ghost
particles. QFT in a ghost sector developed in Sect.3.1-3.4 and Sect.4.1-4.8.

2.3.1.The Standard Model of fundamental interactions in

standard matter sector below fundamental high-energy cutoff A..
Let’s remind that in the Standard Model (SM) of fundamental interactions besides the



gauge interactions and the quartic interaction of the Higgs fields there are also Yukawa
type interactions of the fermion fields with the Higgs field. These interactions are also
renormalizable and is characterized by the Yukawa coupling constants, one for each
fermion field. The peculiarity of the SM is that the masses of the fields appear as a result
of spontaneous symmetry breaking when the Higgs field develops a vacuum expectation
value. As a result the masses are not independent but are expressed via the coupling
constant multiplied by the vacuum expectation value. Another property of the Standard
Model is that it has the gauge group SU.(3) x SUL(2) x Uy(1) which is spontaneously
broken to SU:(3) x Ugm(1). In the theories with spontaneously broken symmetry,
according to the Goldstone theorem there are massless particles, the goldstone bosons.
The Lagrangian of the Standard Model in standard matter sector consists of the
following three parts:

L5™ = LBt L¥kawat Ligs (2.3.1)
The gauge part is totally fixed by the requirement of the gauge invariance leaving only
the values of the couplings as free parameters
L300 = —5 GG — £ Wi Wy — 3B, By
+ita7#DyLa + iQa’y'uD‘uQa + iEa'y‘uD‘uEa (2 32)

where the following notation for the covariant derivatives is used
Ga, = 0,G2 - 0,G2 + gsfGEGE, Wi, = 6, W, — 8, Wi, + ge WL WK,

/
By = 9B, — 0,B,,D Ly = (ay - i%riV\/‘u + i%By)La,

(2.3.3)

i
D.Ey = (8, +i9'B)Es, D, Qq = (a“ - i%riW‘H - i%B,, - i%xacsg)qa,

DuU. = (au_ i£9B, - i%lﬁ@g)ua,oyoa - (6#+i%g’8#—i%AaGﬁ>Da.

The Yukawa part of the Lagrangian which is needed for the generation of the quark
and lepton masses is also chosen in the gauge invariant form and contains arbitrary
Yukawa couplings (we ignore the neutrino masses, for simplicity)

Lyokawa= YssLaEpH +y25Q,DsH +y%Q,UsH + h.c., (2.3.4)

where H = iz,H".At last the Higgs part of the Lagrangian contains the Higgs potential
which is chosen in such a way that the Higgs field acquires the vacuum expectation
value and the potential itself is stable

Liiggs = -V = MPHH = L (H'H)2 (2.3.5)

Here there are two arbitrary parameters: m? and A. The ghost fields and the gauge
fixing terms are omitted.The Lagrangian of the SM contains the following set of free
parameters:

(1) 3 gauge couplings gs,9,9d', (2) 3 Yukawa matrices y;z,Y55, Vs,

(3) Higgs coupling constant 2, (4) Higgs mass parameter m?,

(4) the number of the matter fields (generations).

All particles obtain their masses due to spontaneous breaking of the SUe(2)



symmetry group via a nonzero vacuum expectation value (v.e.v.) of the Higgs field

%
<H>= , v=-M_ 2.3.6
(v} v 236)
As a result, the gauge group of the SM is spontaneously broken down to
SU(3) ® SUL(2) ® Uv(1) = SUe(3) ® Uem(1). (2.3.7)
The physical weak intermediate bosons are linear combinations of the gauge ones
WL Fiw? .
Wi = % Z, = —sinfwB,, + cosfwW3 (2.3.8)
with masses
_ 1 .Y _ 9
My = 7 gy, mz = c0sfw’ tanfw = g (2.3.9)
while the photon field
Yu = €COSOWB, + SinOwW? (2.3.10)

remains massless. The matter fields acquire masses proportional to the corresponding
Yukawa couplings:

us = yugv, Mdp = yapv, Mbg = ylov, my = J2m. (2.3.11)

The mass matrices have to be diagonalized to get the quark and lepton masses. The
explicit mass terms in the Lagrangian are forbidden because they are not SU(2)
symmetric. They would destroy the gauge invariance and, hence, the renormalizability of
the Standard Model. To preserve the gauge invariance we use the mechanism of
spontaneous symmetry breaking which, as was explained above, allows one to get the
renormalizable theory with massive fields.

The Feynman rules in the SM include the ones for QED and QCD with additional new
vertices corresponding to the SU(2) group and the Yukawa interaction, as well as the
vertices with goldstone particles if one works in the renormalizable gauge. We will not
write them down due to their complexity, though the general form is obvious.

Let us consider now the one-loop divergent diagrams in the SM. Besides the familiar
diagrams in QED and QCD discussed below in section IV.5 one has the diagrams
presented in Fig.2.3.5. The diagrams containing the goldstone bosons are omitted. The
calculation of these diagrams is similar to what we have done below in section IV.5.
Therefore, we show only the results for the renormalization constants of the fields and
the coupling constants. They have the form (for the gauge fields we use the Feynman

gauge)



.
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Fig.2.3.5.

Fig.2.3.5.Some divergent one-loop diagrams in the SM. The dotted line denotes the
Higgs

field, the solid line - the quark and lepton fields, and the wavy line - the gauge fields

Remark 2.3.3.In standard sector the renormalization constants of the fields and the

coupling constants reads (see Sect.IV.1-1V.8):



Z2q.(£,9'(€),9(¢),0s(¢)) =
F1eor| 3697 + 0% + 30X + 38+ 5¥B |,
Zoue(5,9/(£).05(0)) = 1= F 725 | 9%e) + 3g§(e>+yu}
Zo4o(5,9/().05(0)) = 1= F 75| §9%e) + 362e) +B |,
Za,(6,0/(6).0()) = 1= F 15 [70%6) + 36%e) + Y2,
Zooo(#) = 1= § 155 [0%(e) + Y],

Zon(e,9'(€),9() = 1+ ¢ 161n 7| 39%e) + 39%(e) ~ 38~y ~¥2 |,

Zso(e,9'(e)) = 1~ § 427 | 290 N +4Nu [g%(s)  U(D)y boson

Zaa(e,6(e)) = 1+ < [3 32 Np]ez(g) photon
0

€ 1672 6 2 9
Zow(s,9()) = 1+ g o | 5 — 5 (Ne+3Ne) — FNu |g%e),

Zso(e,05(6)) = 1+ 377 | 5- gNe ]93(8)

Zg(6,0s(e)) = 1+ + 161 7 [-11+ $Nelg(e), (2.3.12)

Zg(e.0(e) = 1+ gz | % + FNe + N Jo%(e),

Zp(6.9(e) = 1+ 153 [ 20Ne + LNk Jo2(),
Zy,(6,4/(£),9(2), 0s(£)) =
L+ 3 gg7 | ~159%6) ~ 79%() ~8G¥(e) + 33 +
Zy%(g,g'(g),g(g),gs(g)) =
[-39%() - 2¢%(2) - 8YZ(e) + 3B + 23 +¥2 |,
Zp(2,9'(2),9(6)) =
L+ § 3oy | 2 9%e) — 30%e) + $yE +3y8 + 338 |,
Z:(2,9 (), 9(), M) =
[—39%(e) - 39%(e) + 23y + 3y3 + YD) + 6A(z)
—2(3y + 3yp + Y1) x A7H(e) +
(294 + 29%@) + 2¢2(0)g2%(2) ) x 27%) |

where, for simplicity, we ignored the mixing between the generations and assumed the
Since the masses of all the particles are equal to the product of the gauge or Yukawa
couplings and the vacuum expectation value of the Higgs field, in the minimal
subtraction scheme the mass ratios are renormalized the same way as the ratio of
couplings. To find the renormalization of the mass itself, one should know how the v.e.v.
is renormalized or find explicitly the mass counter-term from Feynman diagrams. In this

3y +v2 ],

1+l 1

€ 1672

1+l 1

€ 1672




case, one has also to take into account the tad-pole diagrams shown in Fig.2.3.5,
including the diagrams with goldstone bosons. For illustration we present the
renormalization constant of the b-quark mass in the SM

Zmy(€,9'(£),9(8), A(e)) =

1_1 yt Yo _ 3 3
1+ Ton? [Z' 7o) P32 2O+ 705 -vD) (2.3.13)
2 12 2 4
- (GO 89 50,Qu- DO - 4ECe) |

The result for the t-quark can be obtained by replacing b by t. For the light quarks the
Yukawa constants are very small and can be ignored in Eq.(2.3.15).
Remark 2.3.4.In the standard sector the bare Lagrangian reads

sm.Bare _ ,smBare s.m.Bare s.m.Bare
L = Lgauge"™ + Llkawa + Leiggs > (2.3.14)

with renormalization constants of the fields,coupling constants (2.3.12) and masess
(2.3.13) satisfies the following conditions: (see Sect.IV.1-1V.8)

0 < Z5G,(2,9'(2),9(8),95(2)), 0 < Z531(2,9'(2),95(%)), 0 < Z3qi (&, 9'(£),9s(&)),
0 < Z§1(2,.9'(2),9()),0 < Z31(2,9'(8)). 0 < Z5'(2,9'(¢)),0 < Z5X' (&, &(2)),
0 < Z5(2,9(2)),0 < Z58'(£,9s(2)),0 < 257" (2,9s()), 0 < 23 (2,9(2)),

0 < 232 (2,9'(2)),0 < Z3"(5,9'(),9'(8), 95(2)), 0 < Z3*(2,9'(2), 9(%), 9s(2)),
0 < Z3"(2.9'(5),9(2)),0 < Zi™(2,9'(2),9(5), 4(2)),0 < Zi}(2,9'(%),9(2), A(2)),

etc.,

(2.3.15)

for some ¢z € (0,1], see Sec.4.1-4.8.
2.3.2.The Standard Model of fundamental interactions in a ghost

matter sector below fundamental high-energy cutoff A...

In the extendended Standard Model of fundamental interactions besides the gauge
interactions and the quartic interaction of the Higgs ghost fields there are also Yukawa
type interactions of the fermion ghost fields with the Higgs ghost field. These interactions
are also renormalizable and is characterized by the Yukawa coupling constants, one for
each fermion field. Another property of the Standard Model is that it has the gauge group
SU:(3) x SUL(2) x Uy(1) which is spontaneously broken to SU(3) x Ugm(1). In the
theories with spontaneously broken symmetry, according to the Goldstone theorem
there are massless particles, the goldstone ghost bosons.

The Lagrangian of the extendended Standard Model in a ghost sector consists of the
following three parts:

L% = £8§U99+ Eg{ﬁkawa‘" E%iség& (2.3.16)
The Lagrangian (2.3.16) is obtained from the Lagrangian (2.3.1) of the Standard Model
as corresponding bare Lagrangian with the renormalization constants of the fields and
the coupling constants given by Eq.(2.3.12).
L£9% = LS+ LESuat LRSS (2.3.17)
The gauge part is totally fixed by the requirement of the gauge invariance leaving only
the values of the couplings as free parameters



£9% = L3Ge= 3 GGl — 5 Wi W — 7 BB
Loy Duly +iQ,7"D,uQu +iE,yD,E, (2.3.18)
+i Uy DUy +iD,ay#D, D, + (D,H)(DH),
where we abraviate G3,,W.,, B, L., Qu, Es, Uy, H for a short instead
GaBare \i,Bare gBare | HBare and where the following notations for the covariant
derivatives are used

G3, = 0,63 - 3,62 + gsf°GLGE, Wi, = 6, — 3, Wi, + ge W, WK,
Buv = 0,8y — 0,B,,D,L, = (au ~i 9o, + i%éu)[a,
(2.3.19)

N

!
(a,l g TW, - i B, - i%zaég)qa,
(0u+ 198, - 522G D..

The Yukawa part of the Lagrangian in a ghost sector, which is needed for the
generation of the ghost quark and ghost lepton masses is also chosen in the gauge
invariant form and contains arbitrary Yukawa couplings (we ignore the neutrino masses,
for simplicity)

c8ae = yhsl EgH +y2,Q,D5H + yY,Q,UsH + hc., (2.3.20)
where A = iz,H'.At last the ghost Higgs part of the Lagrangian contains the Higgs

potential which is chosen in such a way that the ghost Higgs field acquires the vacuum
expectation value and the potential itself is stable

[Bare _ _\/Bare _ mZHTH _

Bare (H'H)2. (2.3.21)

N[>

Here there are two bare parameters m2, 1.

The Lagrangian of the SM in a ghost sector contains the following set of the bare

parameters:

(1) 3 gauge couplings gs,£,¢', (2) 3 Yukawa matrices y;z,Y55, Vs,

(3) Higgs coupling constant 4, (4) ghost Higgs mass parameter m?,

(4) the number of the ghost matter fields (generations).

All particles obtain their masses due to spontaneous breaking of the SUef(2)
symmetry group via a nonzero vacuum expectation value (v.e.v.) of the Higgs field

. Vv 5
<H>= , v=-10 (2.3.22)
<0> Ji

As a result, the gauge group is spontaneously broken down to
SU(3) ® SUL(2) ® Uv(1) = SUe(3) ® Uem(1). (2.3.23)
The physical weak intermediate bosons are linear combinations of the gauge ones




WlBare ¥ inBare

WiBare — & G L, ZBae = _gingBBae + coshyWeBae  (2.3.24)
with masses
o= Lsy = W g
My, = 7 gy, my= cosy, ’ tandy, = 5 (2.3.25)
while the ghost photon field
7. = c0s0iB, + sinf W3 (2.3.26)
u w=u w¥ u

remains massless. The matter fields acquire masses proportional to the corresponding
Yukawa couplings:

V ap = Yap¥s Mgﬁ = ygﬁV, Mlap = ylaﬁvi My = J2m. (2.3.27)
Remark 2.3.5.In a ghost standard sector the bare Lagrangian reads
[L9mBare _ ESa"Jngre+ E%S&E@f E%irg.ngare’ (2.3.28)

with renormalization constants of the fields,coupling constants (2.3.12) and masess
(2.3.13) satisfies the following conditions: (see Sect.IV.1-1V.8)

735, (2,9'(2),9(2),9s(2)) < 0,Z310(2,9'(2),9s(2)) < O,
Z35 (,9'(£),0s(e)) < 0,
Z37(2,,9'(8),9(8)) < 0,237 (2,9'(8)) < 0,28 (,9'(8)) < O,
Z30 (z,e(2)) < 0,
Ziw (2.9()) < 0,235"(.95()) < 0,Z37"(2,05()) < O,
Z"(2,9()) <0, (2.3.29)
o7 (£.9'(8)) < 0,Z%"(2,9'(2).9'(8),9s(2)) < O,
23" (2,9'(2),9(2),09s(2)) < 0,
2" (2,9'(2),9¢)) < 0.23™(,9'(2),9(),4()) < 0,
Ziy (2,9'(2),9(),A4()) <0,
etc.,

for some ¢ € (0,1].
Remind that vacuum energy density for free scalar quantum field with a wrong statistic
is:

1 2 2
= C,/p°+ d K’ + d K'l 2.3.30
&) = (Zh)fnpﬂpp [, JPPiEpdp =K, (2:3.30)
where u = mpc. From the basic definitions [1]:
cp 1
P = TeoP(i) = — Uxpxdrp2dp,u =———,0:Px = =(u,p)
2 iy <, [o7+ 12 3
one obtains
| po 4d ,
pao) = - [ 2= = KF), (2.3.32)

Remark 2.3.6.Note that the integral in RHS of the Eq.(2.3.30) and in the Eq.(2.3.32)



divergent and ultraviolet cutoff is needed.
Thus in accordance with [1] we set

e(1,po) = K'l(1,po), p(u, po) = K'F(u,Po), (2.3.33)
where
4
Iw.po) = [ o7+ 17 p?dp, Fapo) = [ 22 (2.3.38)

VP + 2

where po < A./c.For fermionic quantum field with a wrong statistic, similarly one
obtains

&(p, Po) = —4K'l(1, po), p(u) = —4K'F(y, po). (2.3.35)
Thus from Eqgs.(2.3.33)-(2.3.35) by using formally Pauli-Villars regularization [7],[8] and
regularization by high-energy cutoff the expression for free vacuum energy density &
reads

2M
& =Y _fil(ui,po) (2.3.36)
-0
and the expression for pressure p reads
p = fiF(ui,po). (2.3.37)

Here ;i is a finite positive sequence y; € R,,i = 1,2,...,2M and f; is a finite sequence
fieRfi<1li=12...,2M.
Definition 2.3.1.We define now discrete distribution fpy : R, - R by formula
fev(ui) = fi, (2.3.38)

and we will call it as a full discrete Pauli-Villars masses distribution.
Remark 2.3.7.We assum now that in Egs.(2.3.36)-(2.3.37): (i) the quantities

us™ = pu;,i = 1,2,...,Mis a masses of a physical particles corresponding to standard
matter and (i) the quantities u?™ = pi,i = M+ 1,2,...,2M is a masses of ghost
particles

with a wrong kinetic term and wrong statistics corresponding to a physical dark matter.
Remark 2.3.8.We recall that the Euler-Maclaurin summation formula reads

> M g+ =) = [ f0)da+ Aalg(uan) — g(un)] +

H1

Ahlg (uaw) - g (u1)] + O(h?), (2.3.39)
f(w) = £9w)

Let g(u) be an appropriate continuous function such that: (i) g(ui) = fi,i = 1,2,...,2M,

(i) g'(uam) = 0,9 (1) =
Thus from Egs.(2.3.36)-(2.3.37) and Egs.(2.3.39) we obtain

2M
&= fil (ui,po) =
= (2.3.40)

j " H ()1 (1, o) + Ash[f(eaw) (itam, Po) — f(1t2)1 (11, o) ] + O(h?)

)



and

2M
p= D fiF(ui,po) =
= (2.3.41)
J‘IJ

n

F(u)F (1, Po)dut + Ach[f(uan)F (sam, Po) — F(u1)F (w1, po)] + O(h?).

Definition 2.3.2.We will call the function f(x) as a full continuous Pauli-Villars masses

distribution.

Definition 2.3.3.We define now: (i) discrete distribution f,ﬁ’\'?'m : R, - R by formula

fod " (uf™) = fii = 1,2,...,M (2.3.42)

and we will call it as discrete Pauli-Villars masses distribution of the bosonic ghost
matter

and
(ii) discrete distribution f5¢™ : R, —» R by formula
fad™u) = fi,i=M+1,2,...,2M (2.3.43)

and we will call it as discrete Pauli-Villars masses distribution of the fermionic ghost

matter.

Remark 2.3.9.We rewrite now the EQs.(2.3.36)-(2.3.37) in the following equivalent
form

M M
e =2t "M (" po) + 0 T (uEM)I(E"po)  (2.3.44)
i=1 jiH)=M+1

and

M 2M
p= 2t (u*M)F(u*"po) + D fel (M (i po),  (2:3.45)
i=1 j(i)=M+1

where j(i) =i+M,i=1+12,...,M.

Remark 2.3.10.We assume now that:(i) u>%™ ~ y}"(%m,

(ii)|f§§-m(ﬂf’-g-m) + " (™ | < lie.,

for " (™) ~ ~fed " (™). (2.3.46)

Note that Eq.(2.3.46) meant highly symmetric discrete Pauli-Villars masses
distribution

between bosonic ghost matter and fermionic ghost matter above that scale A.

Thus from Eqgs.(2.3.44)-(2.3.45) and Eqgs.(2.3.46) we obtain

M 2M
= RGN ee) + 3 (B (A ) -
i=1

IO (2.3.47)

M
[FR0™ (P + 158 (&™) 1, po)

=1

and



prgm<ngm>F<ﬂbgm Po) + Z v (i ) F (ui)" po) =

j(i)=M+1

M (2.3.48)
Z[fp\/gm< 1o + e " (i) }F(u.,po)
i=1
From EQs.(2.3.47)-(2.3.48) and Eqgs.(2.3.39) finally we obtain
M
€ = ;[fpvgm< bgm> +f|§3m<‘ujf(?)m> :|I(y|,p0) 2.2.49)
u
[ [ + 158w J1os, poydl
H1
and
p= Z[f bgm(’uI m) +fP3m<‘u}‘(?)m> }F(u.,po) =
(2.3.50)
Heff m m
I [ fod ™ () + foy (u)}F(u,po)du,
M1
where obviously
T (1) + T8 ™ () = F&™ (1) ~ O, (2.3.51)
Thus finally we obtain
£9™ (el 1t Po) = f (1)f 7 ()1 (1, po)du, (2.3.52)
and
pe™ (u& u& po) = I * £ (1) F (1, po)dl, (2.3.53)

where 1§}, u& > po.In order to calculate 9™ (ygf),ygf),p@ and p™ (u&), 1% po) letus
evaluate now the following quantities defined above by Eqgs.(2.3.34)

Po Po 5
po) = [ 0207+ 7 dp = [ up? 1+ P dp (2.3.54)
0 0

and

Po Po
p'd
Fupo) = 1 | 2= - 1 (2.3.55)
0

_ptutdp
JP%+pu? /1+_

where po/u < 1.Note that



5 7 H
lga,, 1P 1 P01 P
3P0 T 7.8 T 916 45
Note that
2\ V2 2 4
(1+p—2> zl—%p—2+§p—4+
It pr o 8
a1 P\ _pt 10, 308
(1 fe) G-t 3
By inserting Eq.(2.3.57) into Eq.(2.3.55) one obtains
Po 1d Po 6 8
F(#,po)ZlJ. _Pludp p = I( %p_3 %p—5+...>dp:
7 H
1+—2 0
i)
5 7 9
pO _ 1 & _1 &4_

3:5u 237 4% 8.9 4°
By inserting Eq.(2.3.56) into Eq.(2.3.52) one obtains

9™ (uG . 1G po) = j mf ™ (1)1 (1, po)d =

e 1P 1 pb, 1 P
Iﬂm (“)( P+ 450 T 78 8 T 916 8 "")d“:

@ ¢gm.
pg [ P8 (v f(wdu  pd e FR(wdu
3 ) et @ndut g | o S -7 e T

By inserting Eq.(2.3.58) into Eq.(2.3.52) one obtains

(2.3.56)

(2.3.57)

(2.3.58)

(2.3.59)



pe™ (llgf) Héfzf) po) I (1)f M ()F(u, po)du =

e 1 po 1 po
J o 18 )(3 B~ 2-3-7 4% 8945 )d“‘ (2.3.53)
I“eff fov (u)du pg  [re TSy Mwdp - pg s v ()du
3 5 )0 2-3-70,07 4 "B-9d07 5

Remark 2.3.11.We assume now that

O((u(l)> ) n>7 u® < pu<u®@

2
H> :uc(eff)

8" ()| = (2.3.60)
Note that under assumption (2.3.60) the quantities 9™ (ygf),ygf), po> and
po™ (u%i, 1. po ) can not contribute in the value of the cosmological constant.

3. Pauli-Villars ghosts as physical dark matter.

3.1.Pauli-Villars renormalization of the A1¢* field
theory.What is wrong with Pauli-Villars renormalization of
the 1¢p*.New physical interpretation Pauli—Villars ghost
fields.

Before explaining the role of PV ghosts,etc.as physical dark matter remind the idea of
PV renormalization as a conventional UV renormalization.We consider, as an example,
the scalar field theory with the interaction 1p*. Lagrangian density of this theory reads

2
£ = Lovgo,0 - %qﬂ + g, (3.1.1)

This theory requires UV renormalization (e.g. in (2+1) and (3+1) dimensions). Let us
show that it is sufficient to introduce N extra fields with large mass playing the role of the
regularization parameter. Lagrangian density can be rewritten as follows

L= (1)( 8(;)8(0——(;))4—/1:(;)4:,
Z 2 (3.1.2)
O =0o+P =31, 0.0=2, ap.

Here the symbol ”::” means that in perturbation theory we drop Feynman diagrams with
loops containing onIy one vertex. The ¢¢ is usual field with mass mp and the

¢i,i =1,...,Nis the extra field with mass m;,i = 1,...,N.It can be shown that in
(3+1)-dimensional theory the introduction of one PV field is sufficient for the ultraviolet
regularization of perturbation theory in A. One can show that momentum space
Feynman diagrams in the original theory with Lagrangian density (2.1.1) diverge no
more than quadratically [19]-[20] (beside of vacuum diagrams) shown in Fig.3.1.1.



Fig.3.1.1.0ne-loop massive vacuum diagram.

If we consider now Feynman diagrams in the theory with Lagrangian density (3.1.2)
we see that propagators of fields ¢o and ¢ sum up in corresponding diagrams so that we
obtain the following expression which plays the role of regularized propagator

N a N a
A(K2) — j _ 1 - —t 313
(k) ijo k2—m?+i0  k®-mj+i0 ijl k? —m?+i0 ( )
where k? = k3 — k? + k3 + k3. Integral corresponding to vacuum diagram is
~ _ [ _d% 2y _ [ _d* N &
3= | LK AK?) = . 3.1.4
T on)? ) (2r)* Zj=o k2 —mZ+i0 (314

To do this integral, since it is convergent, we can Wick rotate.

Remark 3.1.1. All the integrals in quantum field theory are written in Minkowski space,
however, the ultraviolet divergence appears for large values of modulus of momentum
and it is useful to regularize it in Euclidean space [20].Transition to Euclidean space can
be achieved by replacing the zeroth component of momentum ko — iks4, So that the
squares of all momenta and the scalar products change the sign k? = k3 — K2
~ —k2 — k? = —k2 and the measure of integration becomes equal to d*k — id*ke, where
the integration over the fourth component of momenta goes along the imaginary axis. To
go to the integration along the real axis, one has to perform the (Wick) rotation of the
integration contour by 90° (see.Fig.3.1.2). This is possible since the integral over the big
circle vanishes and during the transformation of the contour it does not cross the poles.

AN

N7
-Vk2 mit e
[ ]
\ V2% m? -ie
1

Fig.3.1.2.The Wick rotation of the integration contour.

Then we get
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SE = —J- dkE E i .
872 Jo i=0 k& + m?

(3.1.5)

To do this integral, since it is convergent, we can dealing with regularized integral

ajk2
S(eh) = 5 2[ dke D2 k21+|r5n2’

(3.1.6)

where ¢ < 0,A =< m,i.e. 3(g,A) =~ Je.We assume now that Pauli-Villars conditions given
by Eqgs.(2.2.39) holds.Let us consider now the quantity

aJ kE

O

where n € (0,1],and therefore from Eq.(3.1.7) we obtain

kg0 = # IA die tho ake = # Zj'io % IA kedk: = 0,

since EQs.(2.2.39) holds.From Eq.(3.1.7) by differentiation we obtain

d~ _ i [ N ameki
= gz |, e (K2 + @)’

and therefore from Eq.(3.1.9) by using Eq.(2.2.39) we obtain

d ~

— S

dn ="

PpA N aym?k:
_ | dkE 2 1 RE
8% 0 (K2 + )

n=0

- gl K e -0

since EQs.(2.2.39) holds.From Eq.(3.1.9) by differentiation we obtain

Ak
dC:72 3, —ZJ " Ry(n) — - ZJ' kEZ _amikg

Note that

Thus

and

Therefore

=0 (kg + nmjz)
iajm? (A k3
Ri(m) = wj. dke——F——.
¢ (kg + nmy)
% (n) = |a,m4 J- d k2 _ iam _ am?
0 (K2 + nmj2)3 Ar? Apgm?  1677n

2
Z I Ri(mdn =D 16mJ Inn

-~ N a,-mjz
Sy = ijow(nlnn—n),

- N Ny
3(&A) =34 = _Zj=0 1672

(3.1.7)

(3.1.8)

(3.1.9)

(3.1.10)

(3.1.11)

(3.1.12)

(3.1.13)

(3.1.14)

(3.1.15)

since EQs.(2.2.39) holds.Thus integral (3.1.4) corresponding to vacuum diagram by



using Pauli-Villars renormalization identically equal zero,i.e.

~ d*K A ck2 d'k §N &
R 3) = Ak?) = 0. (3.1.16

Let us consider now how this method works in the case of the simplest scalar diagram
shown in Fig.3.1.3. The corresponding Feinman integral has the form

k
P p
p-k
Fig.3.1.3
<(n2) — 1 d4k
309 = Gor | e mg om0 G0
Regularized Feinman integral (3.1.17) reads
Treg(p?) = —L § 30k 3.1.18
\Sreg(p ) (27_[)4 IZJZO (k2_mj2+i0)[(p2_k2)_mj2+i0] ’ ( L )

where N = 1.To do this integral, since it is convergent, we can Wick rotate [20]. Then we
get

S 2y _ | N a;d*k
TeolP?) = 1 12 Tyt (3.1.19)

The integral (3.1.19) can be written as

1
| 'k
R 2) _ | dx N g _
I’EQ(p (271_)4 .!)- IZJ:O [kz + pZX(l _ X) + mjz]z

L (3.1.20)
i N ajkgdke
82 Idszj=o K2 2 J 212"
0 (kg + p“X(1 —Xx) + mf]
To do this integral, since it is convergent, we can dealing with regularized integral
1
i AN ajkgdke
Sreg(Phe,A) = == | dx _ 1"E . (3.1.21)
- 8 '([ J.‘g ZJ:O (K2 + p2X(1 - x) + m?)?
Let us consider now the quantity
1
i AN ajkidke
3,(p?,e,A) = == | dx _ I_E . (3.1.22)
' 8r? { I : Z,:o (K2 + p2(L - x) + nm?]”

where n € (0,1],and therefore from Eq.(3.1.22) we obtain Jo(p?,£,A) = 0,since
Eqgs.(2.2.39) holds.From Eq.(3.1.22) by differentiation we obtain



di n(P%e,A) =

1
A amZk2dke
e

+p?X(1 - X) + nm?]

(3.1.23)
~ 2z ZJ L AMER (P21, A ),
1 1
kidke 1 dx
Ri(p%,n,A,¢) ~ | dx E = = .
J { I (K& + pX(L—-x) +qm?)° 4 { p>X(1 — X) + nm?
From Eq.(3.1.23) we obtain
i N
%Sﬂ(p2181/\) = —ﬁ ZFO am?R;(p%,n,¢,A) =
_ N . (3.1.24)
| . X
1672 EELOa*l m2p2X(L—X) + 1
From Eq.(2.1.24) we obtain
1 1
N
Sres(P?) = ~a jzoajj f = 2x(1 g (3.1.25)
Note that
1
[ty -
g m2p?x(1-Xx) +1n
[My2p2X(L - X) + n]IN[M2p?x(L - ) + [y — 1 = (3.1.26)

[M2p2x(1 - x) + 1] In[m?p?x(1 - X) + 1] —
—[m2p?x(1 - x)]In[m2p?x(1 - x)] —

Thus



11
Sreg(p?) = 167r2 Z aJJ;dX-([ mJ‘Zp X(1 X)+n B

L
1672

—[M2p?x(1 - x)]IN[m2p?x(1 - X)]} + 16i7r2 Z:l

1672
~[Mmp?p?x(1 - x)]In[m?px(1 - )]} =

1
— | —2 _ 2 _ _
mﬂlw@%p%a x) + 1] In[mg2p?x(1 - X) + 1]

—[mMg?p?x(1 - x)]IN[mg?p?x(1 - x)]} +

1
+ 16i 2 Idx{[m12p2x(1 —X) + 1] In[m2p2x(1 - x) + 1] -
T
0
—[m2p2x(1 — x)]IN[Mz2p2x(1 — X)]}.
From Eq.(3.1.27) we obtain

Sreg(pzymo,ml) =

1
_ | —2 _ 2 _ _
16,22 _([dx{[mo P2X(1 - X) + 1]In[my?p3x(1 - x) + 1]

—[mMg?p?x(1 - x) ] IN[Mg?p?x(1 - x)]} +

1
+ 16|7T2 Idx{[m12p2x(1 —X) + 1] In[m2p2x(1 - x) + 1] -
0
—[M72p?x(1 - X)]IN[Mz2p?x(1 - X)]}.
We assume now that m;?p? < 1 and from Eq.(3.1.28) finally we obtain

Sreg(pzymo,ml) =

1
_ | —2 _ 2 _ _
16,22 _([dx{[mo P2X(1 - X) + 1]In[my?p3x(1 - x) + 1]

—[mg2p?x(1 — x)]IN[Mg?p2x(1 — x) ]} + O(M?p?).

1
Z:l a I dx{[my2p?x(1 - x) + 1] In[m;2p3x(1 - X) + 1] -
0

1
Z:l 4 _f dx{[m2p2x(1 — x) + 1] In[my?p3x(1 — x) + 1] -
0

(3.1.27)

(3.1.28)

(3.1.29)

Remark 3.1.2.Note that by taking the limit: limm,_. Jreg(pP?, Mo, M) from Eq.(3.1.28)

one
obtains instead Eq.(3.1.29) the following purely formal result:



Sreg(pz,mo) £ |imm1—>oo Sreg(pzymo,ml) =

1
- 16inz fdx{[mazpzx(l —X) + 1]In[mg2px(1 — X) + 1] — (3.1.30)
0

—[Mg?p?x(1 - x) ] IN[Mg?p?x(1 — X)]}.

However this result completely wrong and mathematically is not sound!!!
Remark 3.1.3.Note that in the limit: m; - o,i = 1,..,N the expansions

a; _ & 1 __a
k? —m? + i€ k2 +ie 1 m? k2 +ie
k? +ie
1Mo, oom (3.1.31)
K +ic  (k2+ie)®
a am? amy

> T 5 T —3 T
k?+ie (K2 +ie) (K2 +i€)
obviously breaks down (see Remark 2.2.8) and therefore the Eq.(3.1.32) is not holds

A(kznmo,ml,...,mN) =
N a; N al—rnlz N e
s KEoric Rt (k2 +ic)® +Zizoo< (K +ie)° )

But therefore the Eq.(3.1.29) also is not holds and Pauli—Villars procedure completely

breaks down.

Remark 3.1.4.1t follows from consideration above that we cannot deleted from final
result

Pauli-Villars masses m;,i = 1,...,N which appeas in Lagrangian density (3.1.1).

Remark 3.1.5. Note that one can dealing instead regularized integral (3.1.21) with the

following Colombeau integral

1
- s Kd
(Sreg(P?.£,6)), = ﬁ(jdXL > ,-Eo ” ajkedke ) , (3.1.32)
0 E 5

+p?X(1-X) + mjz]2

(3.1.32)

S € (0,1],see [21]-[26].
3.2.Pauli—Villars renormalization of QEDs.What is wrong

with Pauli—-Villars renormalization of QEDs. New physical
interpretation Pauli—Villars ghost fields.

3.2.1.Pauli—Villars renormalization of QEDs. What is wrong

with Pauli—Villars renormalization of QEDs.

Let us consider now the conditions that must be required on the masses and coupling
constants of the regulator fields such that a regularized closed fermion loop in 2+ 1
dimensions is rendered finite in the calculations.Thus corresponding Feynman integral is
proportional to



[ (p.mycp -

Ids Ty u(M+ Py (Mt P+ K.y (M+ P+ +Kn1)]
m? —p? +ie)[m? — (p+ ki) +ie]...[mMP = (p+Kkn1)? +i€]’

(3.2.1)

so,for large |p|,its integrand behaves like |p|™, whereas for n < 4 the integral (3.2.1)
diverges as j BE dp jo o= .We apply now the momentum A-cutoff regularization [p| < A
and have to replaced ill defined formal expression (3.2.1) by the well defined Integral

Salka,- ks, m) = [ 2(pmycp

I 3 Tr[y M+ P)y,(M+p+Ke)...y(M+pP+...+Kn1)]
pA (M —p2+ie)[m? — (p+ki)?+ie]...[m>— (p+kn1)®+ie]

(3.2.2)

Remark 3.2.1.Note that A-cutoff regularization meant lattice QED3 on a lattice at
length
scales a ~ A~t.However quantity 3, behaves as ~ jA p~™2dp and therefore gives

unphysical result which strictly depends on parametr A.

Remark 3.2.2.In order obtain physical result we apply now Pauli—Villars
renormalization.

The integrand £(p,m) in (3.2.2) can be written as

L(p,m) = >, mkank ~ p ™, (3.2.3)
Therefore, in making the canonical substitution £(p,m) - ero CiL(p,Mi) where
M?/Jpl® < 1, (3.2.4)

and where ng is the number of auxiliary spinor fields, we must impose in the vacuum
polarization case (n = 2) the following conditions

(@)X ci=0,(b)> ™ ciMi = 0. (3.2.5)

in order to eliminate the linear and logarithmic divergences, respectively. Let us calculate
of the vacuum polarization tensor in spinor QEDs. In the standard notation, the
regularized expression for the vacuum polarization tensor reads

M P(M;)
K,A) = Ci , 3.2.6
[Taten) = s Zoct ], o ey = 29

where cp = 1,Mg = mM; = mAi,i = 1,...,n;,p12 = pF 7kand

P(Mi) = Tryu(P1+ M)y (P2 + Mi)] =
Z[Mizguv + P1uP2v + P1vP2u — Qv (P1 * P2) — IMi€ v k?].

(3.2.7)

We choose now both the electron mass and that of the auxiliary field M; to be positive.
Using now the canonical Feynman parametrization [(M2 — p2)(M2 — p3)]™* =

j(l) dE[M? — p2 — (p3 — p?)£] "and performing the momentum shift p, - p,(1/2 — &)k, we
obtain



M,k A) = (g,w— %)H'}{'(kz,A) L ime ek TIN(KE A) + TIV(KZ, A),  (3.2.8)

where
IY'(K2,A) = 4ie?k2>_™ i [ dEE(1 - &) 1
I e IA (2 ) QX&) -p»)?
Y (K2, A 2|e C 1 ,
2( ) Z| =0 .[ 5.[ (2ﬂ-) (Q2(§) p )2
Hgll(k2’A) = §iezgw CI('S\) + (2) (3 2. 9)

-3 1 (2) 1
foeel, 2 @O 2[5, o

Q?(é) = M? = &(1- &K%
If we carry out the momentum integrations in Egs.(3.2.9), it is straightforward to arrive at
1Y (k?) = 0, as expected by gauge invariance.Let us take now
c1 = a—-1,c2 = —a,Cj-o,] > 2, where the parameter a can assume any real value except

zero and unity, so that condition given by Eq.(3.2.5.a) is satisfied.From Eqgs.(3.2.9) for
instance we find for a sufficiently large value of the parametr A :

MYk, A) =

e2 (1 m e (! (¢ —1)Mq
o 1o % - o 1o Mi-c@-OKT® o500
e? aM> __e? m o
o [, [MZ - - ke 4rm Jocs e 1 £k
F1(M1,A) + F2(M2,A),
where
F1(M4, A e 1d (@= DM ,
) = 725 | SME— - ok 211
- aM> (3.210)
FaM2,A) = ~ 4zm J.odé:[ _5(1_§)k2]ﬂ2'

Note that for M1,M, > mfrom Eq.(3.2.5.b) follows that M, ~ M;(1 - a™1) and therefore
from Eq.(3.2.11) for k?/M; < 1 we obtain

fl(Ml,A):ﬁr—zmIldf (a—-1) =
" [raa-o(3)] (3.2.12)
_ e2(40;r;n1) N 4i2m (azl)( ) I deE(L - §)+O(|\lj|—2>

and



e 1d§ a(sign(l-a™1)) _

4rm Io [1_5(1_5)(%)2}112

ea(sign(l-a™))

4nm - (3.2.13)
ea(sign(l-a™1))
SR (Ml(l _1)> [Lazca-o

o — K- ),
M4(1-a1)*

From Eq.(3.2.8) and Eq.(3.2.10)-(3.2.13) we obtain

Fo(M2,A) ~ -

Y (k?,A) =
1 2 _ 2 i _ -1
e2 Idf m 1/2+E(a 1) ea(signl-a ))+
4rm 0 [mz _ 5(1_ f)kz] 4rm 4rm
2 (a—1) ( ) ~ (3.2.14)
“Zam 2 I deé(1-6)
e%a(sign(l-a™)) ( K4 )
- déé(1- ol &~ |.
8rm Ml(l al) -[ ss-a)+ M?
For a = 1/2 we obtain
I¥(k%,A) =
e? J‘ld m 1e 1€
4rm [m2_§(1_§)k2]ﬂ2 2 4tm 2 4mm
3.2.15)
& (k[T P (
167rm ( M1 ) Io dec(1-9)
e (k'[! _ K
o () [ eea-o+0(36 ) -
For instance for k = 0 and ¢ = 1/2 one obtains
¥(0) = 47rm (3.2.16)
Remark 3.2.3.Note that when using canonical QFT in order to recover the original
theory
without physical ghost matterthe absolute values of the coefficients A; ultimately alwais
go

to infinity A; - c. However under limit: 1; - « the inequality (3.2.4) is not holds and
therefore Pauli—Villars procedure completely breaks down!

3.2.2.New physical interpretation Pauli—Villars ghost fields.

Remark 3.2.4.These PV-renormalizable models with finite mases m;,i = 1,...,N,
which

we have considered in this section many years regarded only as constructs for a study
of

the ultraviolet problem of QFT. The difficulties with unitarity appear to preclude their



direct

acceptability as canonical physical theories in locally Minkowski space-time. However,
for

their unphysical behavior may be restricted to arbitrarily large energy scales A.
mentioned above by an appropriate limitation on the finite masses m; such that
m<m<A,i=1..N (3.2.17)

Remark 3.2.5.We have aplied now the Colombeau approach [21]-[26] and replaced ill

defined formal expression (3.2.1) by well defined Colombeau generalized function
[21]-

[26]:

(Sg(kl,...,kn_l,m))g = (J-ij;g i’«(p, kl,---akn—lim)d3p) =

&€

e o T (N4 DM Pt Ky). . (P .. i) (3.2.18)
0 (M2 —p?+ie)[m? — (p+ki)®+ie]...[mMP = (p+Kn1)® +ie]’

where ¢ € (0,1].

Remark 3.2.6.Note that [(£.(K1,...,kn1,m)), ] € GR¥™D) and for any (n-1)-tuple

(K1,...,kn-1) obviously (3:(ki,...,Kn-1,m)) € R (see [23]) and any

(Je(Kq, ... ,Rn_l,m))‘g are infinite large Colombeau generalized numbers [23],[26].

Remark 3.2.7.The integrand £(p,Ky,...,Kr1,m) in (3.2.18) forany m = (m;), € R can
be

written as

f,(p, ki,...,Kn1, mi,e) =

Pn(p) + Mi :Pn1(p) + mﬁspn—Z(p) +...+mf, (3.2.19)
Pan(p) + mﬁspn—Z(p) +.. -+m52 ’

where P;(p) stands for a polynomial of degree i in the components of p. We can write
the

denominator of £(p,Ka,...,Kn1,mi.) in the following form
P2n—2(p) 1 )
Pn 1+ m?,——= 4 +m2] 3.2.20
n2(p)( " " P2n(p) i " " P2n(p) ( )

and, for sufficiently large p = p(¢) > mi.,i = 0,1,...,ns and for any ¢ € (0,1] perform
the

expansions

(1+ mz Pan2(®) | pon 1 )_l -

" Pan(p) “Pump) )
_ (g Pan2(P) 1 )
1 (ml,g P T By (3.2.21)
_( yp P2n2(P) on_ 1 )2_
(m' P T P )

so that the integrand £(p,Kz,...,kn-1,mi.) behaves like



Pn(p) - Pna(p)
Pon(D) | Pon(p)

2 Pn(P) [ Pn2(p)  Pon2(p) s Pna(P) [ Poa(P) _ Pana(P) | (3222
. PZn(p)[ Pa(P)  Pan(p) }m"f Pan(p) [Pn_l(p) Pan(p) }

= Zk mg(ep_(nJrk)'
Therefore, in making the substitution in Colombeau integral (3.2.18)
f,(p, kl, ceey kn—l, m) - Z.n:o cf(p, kl, ceey kn—l, mi,g), (3 2. 23)

where (mo,:), = m e R for any ¢ € (0,1] and where ns is the number of auxiliary spinor
fields, we obtain

L(p,Ka,...,Kn1,mi ;) =

(Se(kay ... ko, m))g - (Je(ka,...,Kn-1, {mi,g}?jo))e, (3.2.24)

where
(Sg(kb reey kn—l, {mi }Inzso))g =

e
= 2:150 Ci(Sg(kl,...,kn_l,mi’g))s = (ZinSOJ._llg I(p, kl,...,kn_l,mi"g)d3p>‘E — (3 5 25)

1le e
(J-O cf(p, kl, ceey kn—ly mo)d3p) + (J‘—l/ Z.njl cf(p, kl, ceey kn—ly mi,g)d3p>

&

Remark 3.2.8.Note that Colombeau integral (S.(Kks,...,kn-1, {mi}%))  for any
(n-1)-tuple
(K, ...,kn1) is infinite large Colombeau generalized number, however we can impose

the
following conditions:

@Y " ci=00)> " ci(mg.), =0,...,>" c(m), =0,

CO = 11(m0,8)5 =me [Ry

(3.2.26)

in order to eliminate the infinite large Colombeau generalized quantities ~ (Ing‘l)g,
(e™h),,...,(e79), respectively from Colombeau integral (3.2.25),i.e., make it finite in

canonical sense.
Using now the canonical Feynman parametrization in the following Colombeau form

_ 1 _
((vz —pyMZ -3 ™) = ([ deIMZ —p2 - P3-pDET ™) (32.27)
and performing the momentum shift p, - p.(1/2 - &)k, we obtain instead Eq.(3.2.8)
K,k ,
I (ke)), = (guv - %)(Hﬁ”(kz,s))g +ime ok (Y (K2, £)), + (TTY(K%,8)),, (3.2.28)

where



A 3
(Hl (k2 8)) = 4lezk2 C' (I déé( )J.ijjjs (gﬂr))s (Q2 (5;‘-_ p2)2 ) ,

M (12 _ _2ie? yns o .
(Hg (k 18))8 m Zi=OCI<J- 5-[ 1/e (271') (Q (5)_p2)2>8,

(MY (k?,¢)), = 'e O 2 CI((””) +<'5§)>g>’ (3.2.29)

(1), = O [ (27r) CAGE p))
1
(i ‘20 [, o0 CAGE p))

(QR)), = (ME), £ - &Kz,

Carry out the momentum integrations in Eqs.(3.2.29), it is straightforward to arrive at

(IM¥'(k?,¢)), = 0,as expected by gauge invariance.Let us take now ¢; = a —1,¢c2 = —a,
Ci-0,] > 2, where the parameter ¢ can assume any real value except zero and unity, so
that condition given by Eq.(3.2.26.a) is satisfied.From Eqgs.(3.2.29) for instance we find

(K2, ¢)), ~¢

e2 1 q m e2 ld (a - 1)M1,8
27m Io S [mz—f(l—f)kz]ﬂz + 4rm (J-o S [M%g _5(1_9’:)k2]112 )8 +

(3.2.30)
ez 1 (Zszg B eg 1 m
" OO « [M3, - &(1- &)k?]™? ) - 4rm IO % - e1- k]2
(F1Mye,€)), + (F2(Mze,€)),.,
where
(e = “(’af_zmo e (M2 . ;(i)—M cfl;kz]”) |
te ¢ (3.2.31)

_ _e_2 1 aMZ,g
(F2o(M2z,8)), g — 2= OO o M3, — &1 - &)k2]™? )

If we chose now infinite large Pauli-Villars masses (My,), € ﬁi’, (M2e), € R\R we obtain

(F1Mye,€)), =

2-12 200 3.2.32
4ﬂm(j dé(a—l)[l E(1- é)( )} ) z@% ( :

&€

and



(F2(Mz,¢)), ~x

-2
-8 O;dz:a(sigrtl—a-l))[l—.f(l—é)(M%s) } ) ~

(3.2.33)
N e2a(sign(l-a™1))
RO 4rm '
From Eq.(3.2.30) and Eq.(3.2.32)-(3.2.33) we obtain canonical result
ren(T1' (k%)) = (ITY'(K%,¢)), =
e fl dé . -1 Ea(signl-a™)) CR (3.2.34)
4r 0 [mz —E1- §)k2]ﬂ2 4rm 4rm '

Remark 3.2.9.Note that in order to obtain finite physical result (3.2.33) using infinite

large Pauli-Villars masses (M1;),,(M2;), € R\R mentioned above, one needs write
down

a Pauli-Villars Lagrangian density for QEDs, which works for instance at the 1-loop
level,

as

(LR, = —5 (F2.), +

(v.(0-en-eAl-myy.) +2((FR) ) -2 ((MuAR) )+ (3235

(79 (io - eA — eAl — Mo, )y ")

with (AR _ the ghost photon and (y/%h>g the ghost electron and

(), = (0A%), -
(aVA?IL)E. We assume in (3.2.35) that both the ghost photon and ghost electron have

bosonic statistics and the ghost photon has a wrong-sign kinetic term,

Remark 3.2.10.In contast with canonical interpetation of the renormalization constant
as

formal infinite quantities, in this paper we argue that only finite physical quantity can

appears in physical Pauli-Villars Lagrangian density and therefore Pauli-Villars
masses

(My1:),,(M2.).can be choosen arbitraly large but finite. Thus true physical result is
given

by Eq.(3.2.15).

3.3.High covariant derivatives renormalization as

Pauli—Villars renormalization of non-Abelian gauge

theories.New physical interpretation.

The standard approach to regularization of non-Abelian gauge theories is dimensional
regularization but this of course is inherently perturbative [27]. However, the ordinary PV
renormalization of non-Abelian theories fails. Gauge invariance is violated, is blocking



any hope of BRST invariance, which confounds proofs of renormalizability.

Remark 3.3.1.Note that the existence of interesting non-perturbative phenomena in
gauge

theories requires the introduction of a non-perturbative regularization. Discretization of

space-time leads in a natural way to lattice regularizations which preserve gauge

invariance and have a non-perturbative meaning. The construction of a
non-perturbative

gauge invariant regularization of gauge theories in a continuum space-time has been
a

challenging problem in gauge theories. A natural candidate has always been a gauge

invariant generalization of Pauli-Villars methods involving high derivatives in the
action.

Recall that the euclidean action of Yang-Mills theory is given by

SA) = 9—12 [ asxraFy, (3.3.1)

where F&, = 0,A2 - 9,A% + f 3ABAC is a strength of the gauge field A2.Recall that the
high covariant derivatives method proposed in papers [28]-[30] proceeds by two steps.
The Yang-Mills action is replaced by its regularized version

SAA,) = g—12 Id4xFﬁv[(I + AAA;Z)n]::ngv, (3.3.2)

where A, 2 (A2)3, = -D26%, + 24f J Flil is the covariant differential operator given in

terms of the covariant derivative D%, = 0,67 + focAS and 4 € R is an arbitrary real

constant.Then the partition function for the regularized action in ap—gauge reads
Z(AAL) =
[ TTprAco1det@+D,.) exp{—S(A,A*) - Tlo [ dexoragq - 62A;2)”6VA3}. (3.3.3)
X

In this way, provided n > 2, all 1Pl diagrams with more than one loop acquire a
negative degree of divergence by power counting.However, the degree of divergence of
one-loop 1PI diagrams is unchanged by the addition of covariant derivatives.Therefore
the theory is not completely regularized by the simple fact of adding higher covariant
derivatives to the action as for the case of scalar field theories,however, that due to the
regular behaviour of the gluonic propagator the contributions in the effective action to the
ghost two point function and gluon-ghost vertex are finite at one loop. This implies that
one loop divergences exclusively arise in diagrams with only external gluon lines, and
are given by the following product of determinants

Zgy = det(-0Dy) det~Y2(3), (3.3.4)
where

S2S(A,A.)

B S el S o _
SAR000AR(y) )

det¥2(3) = [T D[q(x)]exp{—%d“xd“yqﬁ(x)
. (3.3.5)

1 e a(| _ A2 A-2\NAvpa
2a0jd xOHa(1 — 82A72) "0V

Since Faddeev-Popov ghost fields only get finite renormalizations at one loop, the



divergences of Z can be written in a gauge invariant way.Recall that one loop
divergences of Yang-Mills theory Z4, are formally equal to those of [28]

Zgv = det(-0+D,,) det™2(3}), (3.3.6)
with
detV2(3h) =
_l a 5ZS(A1A*) b
| H D[q(x)]8(D*q(x)) exp{ 2 XY 00 e oAy qv(y)} (3.3.7)

Remark 3.3.2.Note that the that all the determinants in (3.3.6) are explicitly gauge
invariant. This fact can be understood as a consequence of the absence of divergent
radiative corrections to the interaction of Faddeev-Popov ghost fields, which also implies
that the BRST symmetry is only renormalized by finite radiative corrections.

Remark 3.3.3.Note that gauge invariance is not lost when we add mass terms in
(3.3.6).

Then, it seems natural to use these determinants as the Pauli-Villars counterterms
that

subtract divergences at one loop in a gauge invariant way. This is the Slavnov
approach

introduced in Ref.[28] where the Slavnov introduced the following Pauli-Villars
regulator

det12(3) = det(A2m? — D?) det-Y2(3k) (3.3.8)
with
det-Y2(3 ) =
1 oy O SAAL)
J. 1:[ Dla(x)]16(D*a(x)) exp{—fd“xd“yqﬂ(x)mq‘v’(y) - (3.3.9)
—% m?A2 I d*X?(X).

The regularized partition function reads [28]
Z(AA,) =

1 a 2)"5vA
[ ]:[ D[A(x)]exp{—S(A,A*) = By [ dtxonaz( - o2n:2)" AV} © (33.10)

det(-0Dy) [ | det2(Jm).
j

is, then, free of divergences at one loop provided the s; parameters are chosen so that
1+ Zj s = 0. (3.3.11)

Remark 2.2.4.Note that Pauli-Villars conditions do not involve the masses as it is
usually

the case. This is due to gauge invariance and the high derivative terms in the action
that

make finite the terms depending on m.



The problem is that Pauli-Villars determinants det~Y?(3m) do not converge formally to
] constant, as they should, when the cutoff is removed. In fact, we have that [31]
lim det™2(3m) = [ [] Dlacols@ a0y exp{ -5 [dxP0}.  (3:3.12)
X
that depends on A through the delta functional 6(D#q(x)). These difficulties mentioned
above has been resolved in paper [31].

3.4.Pauli—Villars renormalization of QED4via Colombeau
generalized functions.What is the physical significance of

Pauli-Villars renormalization?

The regularization method of Pauli-Villars (PV) subtraction is of long standing in
guantum field theory.In the more common dimensional regularization the properties of
for instance the Dirac algebra are dimension dependent (and in particular the treatment
of ys is not unambiguous), and hence problems may arise in the study of chiral
phenomena.

Recall that Pauli-Villars regularization requires that for each particle of mass ma new
ghost particle of mass Mpy be added with either the wrong statistics or the wrong-sign
kinetic term. These new particles are designed to cancel exactly loop amplitudes with
physical particles at asymptotically large loop momentum. For example, one can write
down a Pauli-Villars Lagrangian for QEDa, which works at the 1-loop level, as

- 308+ 90~ en-en? - )y 3 () - A (A
WG@ —eA-eAl" - M%,PV)W

with AZ" the ghost photon and 9" the ghost electron and F$) = 6,A%" - 5,A%". We
assume that both the ghost photon and ghost electron have bosonic statistics; the ghost
photon has a wrong-sign kinetic term.For example, £}, leads to a Feynman-gauge
ghost-photon propagator of the form
4 iy LV
(o[ T{ATx).A"y)} 0) = | (gﬂ"; explip(x — y)]m. (3.4.2)
Remark 3.4.1.(i) Since this has the opposite sign from the photon propagator, it will
cancel the photon’s contribution, for example, to the electron self-energy loop for loop
momenta k* > M. The ghost electron propagator is the same as the regular electron
propagator; however, ghost electron loops do not get a factor of —1 (since they are
bosonic) and therefore cancel regular electron loops when k* > Mpy,.
(ii) At the end of the calculation the limit Mpy — o is implied.
For example from Eq.(3.2.13) by taking the limit Mpy — o0 we get the canonical result
independent on Pauli-Villars mas Mpy :

(3.4.1)

[12(K2) = liMypee TPV (K2) =

g2 J’ d m e(@-1) Ea(signl-a™)) (3.4.3)
4rm Jo é:[mZ —E(1- é:)k2]1/2 + 4rm 4rm '

Remark 3.4.2.The sign of the residue of the propagator is normally dictated by



unitarity -
a particle whose propagator has the sign in Eq.(2.3.2) has negative norm, and would
generate probabilities greater than 1. So, Aﬂh cannot create or destroy physical on-shell
particles. Thus, fields such as AS" are said to be associated with Pauli-Villars ghosts.
Remark 3.4.3.Indeed, the introduction of Pauli-Villars ghosts is much more clearly a
deformation in the UV, relevant at energy scales A of order the Pauli-Villars mass Mpy
or
larger, than analytically continuing to 4 — ¢ dimensions.
Remark 3.4.4.In order to avoid difficulties with unitarity mentioned above, we assume
that:(i) physics of elementary particles is separated into low/high energy ones,
(ii) the standard notion of smooth spacetime is assumed to be altered at a high energy
cutoff scale and a new treatment based on QFT in a fractal spacetime with negative
dimension is used above that energy scale A, > Mpy > m
(iii) at the end of the calculation the limit Mpy — o is not implied.For example instead
Eq.(3.4.3) we set

Ma(k?) £ T1™(k?) =

2 1l e(a—-1) €a(signl-a™l))
47erm J-od [m2 _ g(lm_ §)k2]1/2 + drm 4rm *
2 (a—1) K 2 .1 (3.4.4)
+4(7arm 2 (MPV) fodfé(l—f)—

e2a(sign(1 - a 1)) K 21 K
= ( T ) [ deea-e)+ O( i )

PV

In N. N. Bogoliubov handbook [8] Pauli—Villars renormalization of QED; is considered.

a) o) 8)

O &

L

Fig.3.4.1.
The term of the scattering matrix corresponding to the diagram of Fig.3.4.1a) reads
[8l:
—€% W(X)_ynSC(x = V)y"DAX =Yy (y) = (3.4.5)
—1 L FOZX=Y)w(y) -
where
T(X—y) = —ie?y"S(x - y)yaDAXx - y). (3.4.6)

The formal Fourier transform /Z\(p) of the operator (3.4.6) reads



$p) = —& Idkbg(k)y'@(p_ K)yn =

i(2r)*
e? d*k . P-k+m
i(277,')4 k? +ie (p_k)Z_m2+i€ Vn, (347)
vy 1 S PO PR
Zx-y) = i [ eplpe- ISP,
where
_ 1 d%exp[-ip(x-y)]
Detx=y) = (2r)* I k? +ie
3.4.8
S (x—y) = 1 J' d4k[(m+ﬁ)ap]eXp[_ip(X_Y)] ( )
ap y) = (27[)4 m2 — p2 e

So that the integrand in (3.4.7) behaves like k| the integral (3.4.7) diverges.

Remark 3.4.5.In fact, the causal Green function (3.4.8) of the QED; is the classical

Schwartz distribution which is defined on a test smooth functions. It has the J-function
like

singularities and needs an additional definition for the product of several such
functions at

a single point.The discussed above diagram (see Fig.3.4.1) is precisely this product.

Remark 3.4.6.In his handbook [8] N. N. Bogoliubov argue that a problem of the
ultraviolet

divergences arises exactly from the Schwartz Impossibility Theorem [32].In fact

N. N.Bogoliubov argue that these problems has only purely mathematical
nature.However

this Bogoliubov statement completely wrong but holds from Bogoliubov time until

nowodays.

Remark 3.4.7.In particular N. N. Bogoliubov wroted [8]: "We thus see that the purely

formal rules for dealing with products of causal functions, which we adopted earlier,
lead

to a meaningless result in this case.This is essentially a manifestation of the fact that
we

did not define the product of singular functions as an integrable singular function. In
order

to solve the problem of determining the coefficients of the chronological product

T(£L(x1))£((x2)) as integrable improper functions, we use the method of transition to
the

limit similar to that used in 818 (see [8],818). In order to do this, we first consider an

auxiliary fictitious case in which the field operator functions satisfy commutation
relations

in which the causal A¢-functions are replaced by reg(A°)."

Remark 3.4.8.Recall that classical Schwartz distribution is defined as linear
functionals

on a test smooth functions [32]. Schwartz distributions may be multiplied by real
numbers



and added together, so they form a real vector space. Schwartz distributions may also
be

multiplied by infinitely differentiable functions, but it is not possible to define a product
of

general distributions that extends the usual pointwise product of functions and has the

same algebraic properties. This result was shown by Schwartz (1954), and is usually

referred to as the Schwartz Impossibility Theorem [32].

Remark 3.4.9.Note that:(i) by using linear homomorphism (a) D2(x?) - D2(x%;¢) =

D2(x? +i¢) and (b) Si5(x?) - Sip(x%e) = Sip(x% +ig)

adapted to the Lorentz invariance of the Schwartz distributions D2(x?) and S5(x?)

we can embed these distributions into Colombeau algebra G(C}) :

DY) = (DAX%¢)), 0y € G(CH),

3.4.9
Sp0@) = (S5502:8)),_ o1, € GCD. (549

Remark 3.4.10. Note that in contrast with Schwartz distributions D2(x?) and S5(x?)

Colombeau distributions (D2(x%¢)), and (Sj5(x*;¢)), on the light cone are well
defined

in the sense of Colombeau generalized numbers,i.e., (Dg(o;g))e,(sgﬁ(o;g))g e R.

Thus there is no any mathematical problems for dealing with products and convolution
of

Colombeau causal generalized functions (D2(x% ¢)), and (S;(x%¢)) .

We rewrite now the EQgs.(3.4.8) in the following equivalent form by using Colombeau

integration

(Dex-y;€)), =

1 Ve o (Y e [ e [ 1@ exp[—ip(x—y)]) N
P (I_ﬂgdk J o ako [ dk® [k SRR 8
1 O” d“kexp[—ip(X—y)]>

0t \Jd e K2 +ie

(3.4.10)

and

vy - L
(Sp(x—V:¢)), 1)

Ve Ve Vs Vs [(m+D),; | expl-ip(x-y)]
0) 1) ) 3) ap
(I_yg dk I_yg dk I_yg dk J._llg dk mé — p2 —ie (3 4. 11)

.1 Ous d“k[(mm)aﬁ]exp[—ip(x—y)])_

" e\ m2 —p?—ie

Therefore term of the scattering matrix corresponding to the diagram of Fig.3.4.1a)
reads:

—€% 1 F(X)yal(S(x-y;8)), Iy (DX -y ), Iy (y) =
- OIEX-Y:8), Iy (y)

(3.4.11)



where

Ex-yie),), = -2y [(S(x-y;e)), lyal(DeX - y;€)),]. (3.4.12)
From EQgs.(3.4.10)-(3.4.11) and Eq.(3.4.12) we find that
o _ 1 1/e =y B o, 4
Xy, = 3 (], eptipex-y ey p>; (3.4.13)

where

S, . e2 Ve n . T L. )
R (R R
= Oﬂg dk o P-k+m ) 4
i(27r)4 e K2 +ie (p_k)z_rnZ_’_i€ Yn |

Note that in contrast with ill defined formal expressions (3.4.7) the expressions
(3.4.14) gives a well defined Colombeau generalized functions: (£(x-V;¢)), € G(R%)

and (i(p;s)) € G(R3).Note that for any p € R} obviously (/E\(p;g)) e R and any

&€

(ﬁ(p;s)) is infinite large Colombeau generalized number [26].In order to eliminate the

infinite large Colombeau generalized quantities ~ (Ing‘l)g, (3‘1)8, respectively from

Colombeau integral (3.4.14),i.e., make it finite, we apply Pauli-Villars renormalization via
Colombeau generalized functions,see sect.3.2. Finally we get

n{(i) ) -

1
e 4 M MRy - (- HmP-Ea-Hp? | _
8”2£d5(2m pé)'”[ M -p? EMBy— (- )P J‘ (3.4.15)

1
e? P m? p?
= 'Edé(Zm pé)ln|: e J + o( T )

where Mpy € R, is arbitraly large but finite Pauli-Villars mass.
Remark 3.4.11.Note that in contrast with canonical formal approuch [8],[33-36] we
cannot taking the limit Mpy - « in (3.4.15) ,see sect.3.2.
Remark 3.4.12. It is clear from consideration above that problem with ultraviolet
divergences arises not from the Schwartz Impossibility Theorem [32], as Bogoliubov
mistakenly has claimem many years ago [8],but exactly from physically wrong
canonical
Lagrangian of QED, in which physical ghost fields was missing.This is essentially a
manifestation of the fact that Pauli—Villars renormalization via Colombeau generalized
functions (see sect.3.2) signals about real physical nature of the ghost fields.

4.0FT in a ghost sector via dimensional renormalization.

4.1.Dimensional Regularization via Colombeau

generalized functions.
The most popular in gauge theories is the so-called dimensional regularization. In this



case, one modifies the integration measure: d*q - (u?)°d*?q where u is a parameter of
dimensional regularization with dimension of a mass.In this case, all the ultraviolet and
infrared singularities manifest themselves as pole terms in ¢.Consider the earlier
discussed example see Fig.3.1.3 and using the Euclidean representation rewrite it
formally in D-dimensional space

2. _ —
(2, m?; D) = j j(k2+A)
f (k)7 'k _(Az)g_zF@)F(%—Z) (4.1.1)
0 (K2+ T(2) ’

A = A(p? ,m2) = p?X(1 - X) + m?,

where we assume that the dimension D is such that the integral exists. In this case this
is 2 and 3. The main formula (4.1.1) allows one to perform the analytical continuation
over D = 4into the region D = 4 - 2¢,¢ € (0,1]. For ¢ = 0, i.e., in 4 dimensions, the
integral does not exist since the I'-function has a pole at zero argument. However, in the
vicinity of zero we get a regularized expression.From Eq.(4.1.1) we get

i l r r
I(p2,m%D) = —— 2 (2)r(z > . (4.1.2)
(2rr)P 0 [pzx(l X) + m2] 7"
Substituting now D = 4 — 2¢ in RHS of the Eq.(4.1.2) and transforming back into the
pseudo-Euclidean space we get

2-¢ 2\ ¢
(P2, m?) £ 1,(p?,m%4 - 2¢) = |(2 nzl_zg I'(e )J. 07 X(1(ilx)) T (4.1.3)

The formula (4.1.3) allows one to define the integral |(p?,m?;D = 4) as Colombeau
generalized function (see [21]-[22]) |(p?,n?;D = 4) £ (|8(p2’m2))ge(o,1] e G(RD) :

I(p?,m* D = 4) = (I.(p?,m?)), 2 [.(p>,mP;4-2¢) =

i((-m)**), 1 (u2)° (4.1.4)
<(27T)4_28>8 (F(S))E(J.O dx [pZX(l— X) n mz]g )8.

Expanding the denominator of the integrand into the series over ¢, finally we get

I(p21m2;D = 4) 2 (Ie(p21m2))€
P?X(1 - X) + m?

16iﬂ2 (F(1+e))g((e‘1)g—jldxln|: 7 :|+|n(47r)> % (4.15)

16 5 (In(47r) f dxln[ p2x(1:ux2)+m2 J)

We see that the classical ultraviolet divergence now takes the rigorous mathematical

(), +

~
~

oo
R 1672

form of the infinite large Colombeau generalized number (¢71)_ e R see [23].

We present below the main Colombeau integrals needed for the one-loop calculations.
They can be obtained via the analytical continuation from the integer values of D. We
will write them down directly in the pseudo-Euclidean space. First note that



d°p _.T(@-D/2) (-m)""?
e i 7 B e T (416

and

J—2e
[p? — 2kp + m?]?

(>

O d+2p )Aiw(e))g (™),

P2-2kp+m2)? ) T@ ([m*-k]%),’

1>
>

[T [ Pt L 0@, (M) ke
[p? — 2kp+ m?]? [p? - 2kp+m?]? ) re (m -k, ’

T ppd’p | p.pyd“?p . (4.1.7)
[p? — 2kp + m?]? [p? - 2kp+m?)% )

ooy | @), kk gr =),
(m* >.[ (@ @-Wp, 2 1@ (e J

(T(e)), = (eh),,& € (0,1].

The key formula is (4.1.6). These integrals remain Colombeau generalized functions

from
G(R*) and G(R* x R%).

4.2.The scalar theory 1¢{_4in a ghost sector via Colombeau

generalized functions.The one-loop approximation.

Let us consider the theory described by the Lagrangian
2
£ = 20u0) - 92— Lot (4.2.1)
The propagator: In the first order there is only one diagram of the tad-pole type
shown

in Fig.4.2.1.

Fig.4.2.1.The one-loop propagator diagram.

The corresponding Colombeau integral is

: : 4-2¢ 2\e
(Jl(pz,g))g - (2;;%—25 LZ( : k2 l_((::-lz) )8’ (4' 22)

where 1/2 is the combinatoric factor and ¢ € (0,1]. Calculating the Colombeau integral
(4.2.2), according to (4.1.7), we get




B —ir (F(—l-i- 8))8 [-12 ‘ _
(Jl(p218))g = ((4”)2—'5)‘g 2I'(1) mz((ﬁ) )5 -

(4.2.2)

i 2
3%2 m{(%) +1-ye+ log(4r) - Iog%}.

The fact that the Colombeau integral (4.2.2) well defined but contains infinite
Colombeau generalized number (g—l)‘E e R.

The vertex: Here one also has only one diagram but the external momenta can be
adjusted in several ways (see Fig.4.2.2). As a result the total contribution to the vertex
function consists of three parts I(s,t,u) = l11(s) + l1(t) + 11(u), where we introduced the
commonly accepted notation for the Mandelstam variables (we assume here that the
momenta p; and p; are incoming and the momenta p3 and p4 are outgoing)
S=(pP1+P2)?=(Ps+pPa)? t = (P1—P3)? = (P2 — Pa)? U= (p1—Pa)? = (p2 — p3)?,and the
integral equals

P1 P3
Pt P3 N\J
* K ()
pp o X -
pp po P2 M

Fig.4.2.2.The one-loop vertex diagram

and the Colombeau integral reads

=iz ((u?9) .2( d4-2k )
I = £ , 4.2.3

9= 8 tmr | te—mie-07=m ), (429
where 1/48 is the combinatoric coefficient.

Recall that the key formula is the Fourier-transformation (in the sense of generalized
functions) of the propagator of a massless patrticle for D = 4 reads [32]
d'p e g2
j - z (4.2.4)

which holds in arbitrary noncritical dimension D and any power of the propagator as
follows [32]:

de e _ i(—ﬂ') D/2 F(D/Z _ Ot) 1
(p2)a r‘(a) (XZ)D/Z—a '
In the case of the integral (4.2.3) for m = 0 one first has to mentally transform both the

2
propagators into coordinate space which, according to (4.2.6), gives the factor ( rﬁg) ,

then multiply the obtained propagators (this gives 1/(x?)2%)) and transform the obtained

. . (e
result back into momentum space that gives the factor F(Z(_‘SZ)E) and the power of

momenta 1/(p?)¢ (the same as in the argument of the last I'-function). Besides this, each
loop contains the factor i(-z)2*. Collecting all together one obtains

(4.2.5)




iR (D)2 (¢ gre ) _
(li(se)), = 48 ((2n)*%), (I kz(p—k)2> -

22 i(m*E), (( u? )8) TA-eI'(1-9)I(e)),

48 (2m*=), \\ 7S FOT(D(T2-29)), 4.2.6)
_i_z_zqﬂ_ZD 1 (FZ(l—e)r(ue)) _
48 ((4m)%) —S (e(1-2¢)), T(1-2¢) .
4|8 16 [( ) +2- yE+Iog47r+In—}
The four-point vertex in the one-loop approximation reads
(Tas), = —|/1{1— T (( 7 ) +3-3ye+
3 1 p? (427
Elog4n+7ln_ 2In—,[+§ln u)}
We are interested now in the Colombeau singular parts, i.e.,infinite part in rigorous
Colombeau sense.They are given by Eqs.4.2.7 and 4.2.8
sing{ @22,y =-im?( =25 ) (-4 .

Sing {((Ta(st,U;€))),} = —m( 2 )(—2—3;)

Note that the singular parts do not depend on momenta, i.e. their Fourier-transform has
the form of the §-function in coordinate space.In order to remove the obtained
Colombeau singularities we add to the Lagrangian (4.2.1) extra terms, the counter-terms
equal to the Colombeau singular parts with the opposite sign (the factor i belongs to the
S-matrix and does not enter into the Lagrangian),namely,

aca, = (55), e 1597 + T (2), 4. (4.2.9)

These counter-terms correspond to additional vertices shown in Fig.4.2.3.

- %

Fig.4.2.3.The one-loop counter-terms

in the scalar theory 1¢3.

With account taken of the these new diagrams the expressions for the propagator
(4.2.3) and the vertex (4.2.7) become

(J1(p? ), = L5 mP(1 - ye + log(4r) — log(m?/u?)) (4.2.10)

32
and

2
(r4,g)8:m,{1élﬂ2(3 gyE+—|og(4n)+ In— %In %lnﬁ—u)} (4.2.11)



correspondingly.Notice that the obtained expressions have no Colombeau infinities but
contain the dependence on the regularization parameter u? which was absent in the
initial theory. The appearance of this dependence on a dimensional parameter is
inherent in any regularization and is called the dimensional transmutation,i.e., an
appearance of a new scale in a theory. We write the counter-term in the following way

(8L) = ~(@Z0), ~ D92 — (Zas), - DE-9%, (4.2.12)

where for different subtraction schemes one has
@), =1+ (%) 725 (@), =1+ [(&) +1-7e+logdm ] 1ﬂ ,
@), =1+ (£) 12 (@), =1+ [(£) -3re+3logum |2 o7 (4.213)

MOM 3 A
(Zyomy _1+[( )+3 3ye + 3log(4n) + 3 In *ZLW

The Lagrangian (4.2.1) together with the Colombeau counter-terms (4.2.12) can be
written as

£+ (M) = Z20), 3@0u0)? - 20, 07 - Zas) 0t = (£39),, (4.2.14)

where the renormalization Colombeau constants (Z;), < R and (Zsg), € R are given by
Egs.(4.2.13) and the renormalization Colombeau constant (Z,.), in the one-loop
approximation equals 1,i.e.,

(L), = £+ (ALP)

(4.2.15)
2 (Zzg) (a,u(D)Z (Z ) (D - (245)8 T (04 — [,Bare)

Writing the "bare" Lagrangian in the same form as the initial one but in terms of the
"bare" fields and couplings

(m%,&‘)g (//LB,{,‘)S
(LE), = 5 (0upe)® - —5—= 08—~z 0,
where (Mg;),,(ABe), € R are infinite Colombeau constants, and comparing it with
(4.2.15), we get the connection between the "bare” and renormalized Colombeau
guantities

(4.2.16)

ps =@, (Ma,), = M(Z:),, (Aee), = MZag),, (4.2.17)

where (Z;), = 1+ 0((¢™1),),(Zsc), = 1+ O((¢™1),) positive infinite Colombeau constants.
Equations (4.2.16) and (4.2.17) imply that the one-loop radiative corrections calculated
from the Lagrangian (4.2.16) with parameters chosen according to (4.2.17) and (4.2.13)
are finite.

Remark 4.2.1. Note that: (i) in one-loop approximation the all renormalization
Colombeau

constants are strictly positive:

(Z:), > 0,(Z2:), > 0,(Zas), > O, (4.2.18)

(i) it follows from (4.2.18) in one-loop approximation a ghost sector is absent
completely.



4.3.The scalar theoryled_4in a ghost sector via Colombeau
generalized functions.The two-loop approximation

Consider now the two-loop diagrams.The propagator: In this order of PT there is only
one diagram shown in Fig.4.3.1.

/\
N

Fig.4.3.1.The two-loop propagator type diagram.
The corresponding Colombeau integral reads
iM)? B(wH)*), d*2kd*2q
Qapzie)), = P TR (] -,
3 (@)%, q*(k—@?(p - k)
One has to transform each of the propagators into coordinate space, multiply them

and transform back to momentum space. This reduces to writing down the
corresponding transformation factors. Thus

. ((I 2)2—5)‘g 2 2¢
Qa(p?ie)), = 14 ((27;)“8)8 pz((—upz) lx

TA-gl(L-l'(1-eI'(-1+2¢)),
Fr@Oraa@-3e)), -

(4.3.1)

(4.3.2)

i A2 pr p? _
6 (1672)2 |:—p2 } (2-3)(1-3e)(1-20)2¢),
L 1 13 p?
2|4 (167[2)2p |:<?>8+7+2|n__p2:|1

where the Euler constant and In4x are omitted. The appeared ultraviolet divergence,
the pole in g, can be removed via the introduction of the (quasi) local Colombeau
counter-term

(AL?) = $((Z2e), - D@ (4.3.3)

where the wave function renormalization constant (Z,.), in the MSscheme is obtained
by taking the infinite large part of the Colombeau integral with the opposite sign

(Zze), = 1- (Tig)( 2 )2. (4.3.4)

After that the propagator in the massless case reads

_]H R !\_/ - {H C-/ }: (4.3.5)

i 1 A2 13 p?
" {1 24 (16n2)2( +2n_ )}




The vertex: In the given order there are two diagrams (remind that in the massless
case the tad-poles equal to zero) shown in Fig.4.3.2.

NN S
> \) < + crossed terms \Y\ f/ + crossed terms
NEA VRN '\\_; P /
VaX
Fig.4.3.2.The two-loop vertex diagrams

The first diagram by analogy with the one-loop case equals the sum of s,t and u
channels (I21(sit,u;€)), = (Iz2(s€)), + (l21(t; €)), + (121(u; €)),, where each integral is
nothing else but the square of the one-loop integral

i3 (WD), L ek )L
(|21(S 3)) 96 (((275)4_28)8 IZ('[ kz(p_ k)z >e> B

i 23 1 12 \?

In the same order of 12 one gets additional diagrams presented in Fig.4.3.3.

WX (O

Fig.4.3.3.The diagrams with the counter-terms in

(4.3.6)

the two-loop approximation

These diagrams lead to the subtraction of divergences in the subgraphs (left and right)
in the first diagram of Fig.4.3.2. The subtraction of divergent subgraphs (the R-operation
without the last subtraction called the R'-operation) looks like

TN N VR b~ N \\ / f’l / \ !
N\ y \ . 4 I g | |
R >"\,,_/‘l\,,_(/ - >\ AN /< | ’\ J ') o / \ / : \_ ,/’ :

Fig.4.3.4.

where the subgraph surrounded with the dashed line means its singular part, and the
rest of the graph is obtained by shrinking down the singular subgraph to a point. The
result has the following form



R'l(Ia(se)),] =

. 2\ 2 2
sr 2 ((ORCT RON(CORCETE)) B

I I S G 2 12 H?
=2 (167:2)2( (82)8+4+|n _S+4In —s)-

Notice that after the subtractions of subgraphs the Colombeau singular part is local,
i.e. in momentum space does not contain Inp2. The terms with the single pole (1), are
absent since the diagram can be factorized into two diagrams of the lower order. The
contribution of a given diagram to the vertex function equals

' 4 ! \.

/ Y _
p——% e — D
N4
Fig.4.3.5.
(AT4,), = -iA lfl—zu(—(i) 112
g 4 (1672) g2/, 438
u? p? u? p? u? p? %39
+|n2_—s +4|n_—s + |n2_—t +4|n_—t + |n2_—u +4|n_—u)}

The contribution to the renormalization constant of the four-point vertex in the MS
scheme is equal to the singular part with the opposite sign

(AZsy), = (%)(ﬁ)z (4.3.9)

The second diagram with the crossed terms contains 6 different cases. Consider one
of them. Since we are interested here in the singular parts contributing to the
renormalization constants, we perform some simplification of the original integral. We
use a very important property of the minimal subtraction scheme that the
renormalization constants depend only on dimensionless coupling constants and do not
depend on the masses and the choice of external momenta. Therefore, we put all the
masses equal to zero, and to avoid artificial infrared divergences, we also put equal to
zero one of the external momenta. Then the diagram becomes the propagator type one:

Fig.4.3.6.

The corresponding Colombeau integral is:



L E3 @), d2 -2k
(12(p%2), = ~55 ((2n>8_48)8.4(j qz(k—q)zkz(p_k)Z)g’ @3.10)

(1/48 is the combinatorial coefficient). Since putting one of the momenta equal to zero
we reduced the diagram to the propagator type, we can again use the advocated
method to calculate the massless integral. Therefore

2 (),
126%9). = g (e 1™

(C(L-&)I(1- &) (e)), ( I d+2k )
T(L)r()(r2-2¢)), K)(p-k? /,

i 2 w2\
" 48 (1622 (—p2> .

TA-eI'(1-eI'(e)I(1-2e)I'(1-¢)I'(2¢)), (4.3.11)
FrOr)ITrE-2o)rd+rar2-3e)),

i ( u? )zg 1
48 (1672)2 —p? L 2(e%(1-2¢)(1- 3¢)),

_I_ 2’—3 X
48 (1672)?

1 5 |n(—‘u2/p2) 'u2 ‘uz
{(?) (), 2 (T Hinf 2 g +8int s

As one can see, in this case we again have the second order pole in ¢ and,
accordingly, the single pole with the logarithm of momentum. The reason of their
appearance is the presence of the divergent subgraph. Here we again have to look at
the counter-terms of the previous order which eliminate the divergence from the
one-loop subgraph. The subtraction of divergent subgraphs (the R-operation without the
last subtraction) looks like

- — — 7/

T T . I |

' 70 O ) N Y
R — J— = — d— - — |u |
N / N S S : -9 |
U |



(R'la(s€)), =

L (u2>28 1 _(ﬂz)g 1
2°@6r2)? \\ =7 ) 22A-20)(1-30)), \-p2) (e2(1-22)).

i_ 2
2 (1672)?

{( #) +<2i> +2+(In( ﬂ2/p2)>8+|n2 up L 5in %) (4.3.12)
) (In( u2/p2)> 1 12 _up 9N upzz)} _

i 2
= 2 (16%2)2{ 502 ( ) —2+ p +3|n?}

Once again, after the subtraction of the divergent subgraph the singular part is local,
i.e. in momentum space does not depend on Inp?.The contribution to the vertex function
from this diagram is:

(Arllg) - =

4.3.13
—M{%(lé—;)z(—(s—%) +(2) -12+ 31 p +3|n“—pz+ )} (4.3.13)

and, accordingly,
(AZsy), = (( ) (£) )(16” ) (4.3.14)

Thus, due to (4.2.13) and (4.3.14) in the two-loop approximation the quartic vertex
renormalization constant in the MS scheme reads:

(Z4c), _“(23) 1672 +(1én2)2[(%)8_<2_33>8]' (4.3.15)

With taking account of the two-loop renormalization of the propagator (4.3.4) one has:

(Z1e)s _(2“22_52) _“(23) 1672 +(1én2)2[(422)8_ 11_273>} (4.3.16)

The Lagrangian (4.2.1) together with the counter-terms (4.3.13)-(4.3.13) can be written
as

(L), = (Z2s), 5 (0u0)? ~ (Zas), 470" (4.3.17)
Remark 4.3.1. Note that: (i) if (Z2.), > 0the "bare” Lagrangian reads
(£870), = L(0u(p8:),)2 ~ 2-(hes) (08.), (4.3.18)

and by using "bare” Lagrangian (4.3.18) we obtain the scalar theory 1¢% in standard
sector such that that the two-loop radiative corrections calculated from the Lagrangian
(4.3.18) with Colombeau parameters chosen according to (4.3.20),

(ii) if (Z2), < Othe "bare” Lagrangian reads

(2852, = L @u(p8.),)2 ~ (s, (o), (4.3.19)

Lagrangian (4.3.19) contain wrong kinetic term,i.e.,kinetic term with a wrong sign
corresponding to a "bad" ghosts and therefore by using "bare” Lagrangian (4.3.19) we



obtain the scalar theory A¢% in a ghost sector such that the two-loop radiative

corrections calculated from the Lagrangian (4.3.19) with Colombeau parameters
chosen

according to (4.3.20), where

[(w/z_%)g](l’ if (Z2:), > 0
[(JZ2) Jo if Z20), <O

(Ros), = (ZaZo22(®)) |
(), =1+ (3) +1-7e+logn) |
@0, =1- (o) (e )2’
2
@o.-1+(F) e+ (G [(@).-().]
Remark 4.3.2. Note that: (i) if (Z2.), < 0,i.e.,

1 (A)), \?
(248)8( o2 ) > 1 (4.3.21)

(Zee), =
(22(), (X)),
—{(1(8))g+ (2—3;) 1622 * 1628”4 [(422 )8_ (%>}} SR

-2
ra (M), )
Hl (22 )( 1672
with (A(¢e)), > 87:,/6(3”2)8,8 e (0,1],
(i) ander condition (4.3.21) Lagrangian (4.3.17) obviously contain wrong kinetic term,
i.e.,kinetic term with a wrong sign corresponding to a "bad" ghosts and therefore

in two-loop approximation we obtain the scalar theory 193 in a ghost sector.
Remark 4.3.2. Note that: (i) if (Z2.), > 0,i.e.,

1 (A)), \?
(248)8( o2 ) <1 (4.3.23)

(‘PB,E)g =

(Ae)), (4.3.20)
1672 '’

and therefore we get

and therefore we get
(22%(8),  (A3%(9),
(ABe), = {(/1(3))8 + (2_38>8 16;2 + 16224 [(422 )8 B (%)J} 8

-2
ra (M), )
Hl (22 )( 1672
with (A(e)), < 87:,/6(3”2)8,8 e (0,1],
(i) ander condition (4.3.23) we obtain the scalar theory A¢% in standard sector.

The statement is that the counter-terms introduced this way eliminate all the ultraviolet
infinite large Colombeau objects up to two-loop order and make the Green functions

(4.3.24)




and

hence the radiative corrections finite. In the case of honzero mass, one should also
add

the mass counter-term.

The Lagrangian (4.2.1) together with the counter-terms in this case can be written as

(L), = Z2.),50u0)? - @), T 07— (Zas), 25 0* (4.3.25)

Remark 4.3.3. Note that: (i) if we assume that (Z.), > 0 we obtain the Lagrangian
(£gnsms) corresponding to standard matter sector and the "bare” Lagrangian
corresponding to standard matter sector reads

(E Bares.m.S) —

(mgps)”
5 (0u(9829),)? - (e >((~§ ), 2 a9, (a9,

and by using "bare” Lagrangian (4.3.26) we obtain the scalar theory A¢% in standard
sector, where

(4.3.26.)

@37), = [(yZar) Jo if(Z20), >0

(mgn)*) = [(Z),2Z2h), ]m? if (Zz), > 0 (4.3.26.b)

(Ass), = (24,522‘5/1(.9))8.

(ii) if if we assume that (Z2.), < O we obtain the Lagrangian (£:"%™*

to

a ghost matter sector and the "bare” Lagrangian corresponding to a ghost matter
sector

reads

), corresponding

(E Bareg.m.s.)

&

(md gms 2
l(au(wgms) )2 — ( > <( gms >8_ 4 gms) <(¢gms 4>‘g

and by using "bare” Lagrangian (4.3.27) we obviously obtain the scalar theory A¢% in a
ghost sector,where

(4.3.27)

@8, = [(Z2e ), Jo i (Z2e), <O
(MEr)?) = [@),(-Z:4),]m? if (Za.), < O (4.3.28)
(g = (24,82531(3))8.

Remark 4.3.4. Recall that classical Schwartz distribution is defined as linear
functionals

on a test smooth functions [32]. Schwartz distributions may be multiplied by real
numbers

and added together, so they form a real vector space. Schwartz distributions may also
be



multiplied by infinitely differentiable functions, but it is not possible to define a product
of

general distributions that extends the usual pointwise product of functions and has the

same algebraic properties. This result was shown by Schwartz (1954), and is usually

referred to as the Schwartz Impossibility Theorem [32].

Remark 4.3.5.In coordinate space the large values of momenta correspond to the
small

distances. Hence, the ultraviolet divergences allow for the singularities at small
distances.

Indeed, the simplest divergent loop diagram (Fig.3.1.3) in coordinate space is the
product

of two propagators. Each Euclidean propagator A(X) = A(r) € D'(R*),X € R4 r = || x|
is

uniquely defined in momentum as well as in coordinate space, but the square of the

propagator has already an ill-defined Fourier transform, it is ultraviolet divergent. The

reason is that the square of the propagator is singular as r? - 0 and behaves like

[A(r)]? ~ Ur4, (4.3.29)

In fact, the causal Green function of the QFT is the classical Schwartz distribution
which

is defined on a test smooth functions. It has the J-function like singularities and needs
an

additional definition for the product of several such functions at a single point.The

discussed above diagram (see Fig.3.1.3) is precisely this product.

Remark 4.3.6. In handbook [8] N. N. Bogoliubov argue that a problem of the ultraviolet

divergences arises exactly from the Schwartz Impossibility Theorem [32].

Remark 4.3.7. Note that:(i) by gomomorfism A(r?) - A(r?;¢) = A(r? + &) we can
embed

the distribution A(r?) into the Colombeau algebra G(R%) :
Ar?) = (A(%8)) . 0p) € GRD),

(i) in Colombeau algebra G(RY) the square of the propagator is (A%(r?;¢)), € G(RY)

(A2(r%e)), ~ U(r?+¢)* € G(RY), (4.3.30)

(iii) Colombeau Fourier transform CF[A%(r?;¢) ] £ (F[A%(r?% ¢)]), (see [21-22]) of the

square of the propagator well defined and CF[A%(r?;¢) ] € G(RY).

Remark 4.3.8. Note that in sect.lV Colombeau Fourier transform of the square of the

propagator has been defined directly in momentum space by using dimensional

regularization see Eq.(4.1.7).

Remark 4.3.9.Note that:(i) by using Colombeau algebra G(R3) and Colombeau Fourier

transform CF : G(R%) —» G(R}) there is no any problem arises from the Schwartz

Impossibility Theorem, (ii) classical ill-defined ultraviolet divergences replased by well

defined infinite large Colombeau generalized numbers.

Remark 4.3.10. Thus by using Colombeau algebra G(R}}) (see [21-22]) of the
Colombeau

generalized functions instead classical Schwartz distribution and Colombeau
generalized



numbers R (see [21]-[22],[23]-[26]) there is no any problem arises from the Schwartz
Impossibility Theorem.

4.4.Quantum electrodynamics in a ghost sector via Colombeau
generalized functions.
Let us consider now the calculation of the diagrams in the gauge theories. We start
with quantum electrodynamics. The QED,4 Lagrangian has the form
Lqep = 411 y @ (iyho, — my +epy ALy — 25 (0,A)?, (4.4.1)
where the electromagnetic stress tensor is F,, = 0,A, — 0,A,, and the last term in (4.4.1)

fixes the gauge. In what follows we choose the Feynman or the diagonal gauge

(¢ = 1).The Feynman rules corresponding to the Lagrangian (4.4.1) are shown in
Fig.4.4.1.

P

A k [T8Y n <k
p +m 7 (1-¢)
- = p2 5 NV, =i 92— =iey!
p=m u k
p1 p2
Fig.4.4.1.

In quantum electrodynamics the divergences appear only in the photon propagator,
the

electron propagator, and the triple vertex. The one-loop divergent diagrams are shown
in

Fig.4.4.2.
J‘_ L
’\/\/\A- /\/u gj\ﬁ/i?
. ) p pk P
a) b) c)

Fig.4.4.2. Theone-loop divergent diagrams in QED

We begin with the vacuum polarization graph. It is given by the diagram shown in
Fig.4.4.2a). The corresponding formal expression is

Trly*(m-+K)y*(m+ k- p)]
H v k ’
) = O g [ e e )
where the "-" sign comes from the fermion loop and ¢ = y*q,. We set now D =4 — 2¢,
¢ € (0,1].Then the integral (4.4.2) becomes to Colombeau

o e*((u?)*), Triy*(m+K)y"(m+ k- p)]
(2 (p;€)), = (=) —((2 =35 Od“‘gk - k=P ) (4.4.3)

where (IIR"(p; £)), € G(R§).We put now m = 0 for simplicity. From (4.4.3) one obtains

(4.4.2)




([IRM(pre)), =

. 2 ‘ FZ(Z_S)F(g) \% v v
|16 " (4n)"), (( o2 ) )S(W)g[Zpﬂp AL A RPN

. w2\ , ~f T?2(2-2)(g)
e () ) @r ().

Expanding now over ¢ with the help of Egs.(4.4.5)
@), = (£) TA+e),, CR-2), = (A-aT(L-2),

(T(4-2¢)), = ((3-26)(2- 26)(1 - 2¢)) (T (1 - 2¢)),,, (4.4.5)
¢ € (0,1],
we obtain
(IR (p;€)), =
2 €
e ((4ﬂ)8)8((—”—> ) (gop? — prpyy (AL S3e)
1672 X u p? ( 3¢ ) wis)
:—ie2%4[< ). - re+log4r +log - p %}
= i(g"p® — p*p")IIP"(P?;8)),.
where

(I°™(p%e)), = -

2
16 [( )—yE+Iog47r+I0g > %} (4.4.7)

Given the expression for the vacuum polarization one can construct the photon
propagator as shown in Fig.4.4.3.

Fig.4.4.3.The photon propagator in QED
One has

(Gw(pie)), = ;Lgyv g“ (Mpoe) ,— gav +-

Y p
i T2, i e (@Y —pp "/pz) .
a2 Al > ([(p%e)), + - (4.4.8)
_ = qu _ PP . i pp
= p_é g - ?)(Jﬁr (T(p%e)), + ) = # 57
where (I1(p?; ¢)), is given by eq.(4.4.7). Notice that the radiative corrections are always
proportional to the transverse tensor P, = g,» — p.p,/p?. This is a consequence of the
gauge invariance and follows from the Ward identities
Let us consider now the electron self-energy graph Fig.4.4.2.b). The corresponding
formal expression is




- yH(p = k+ my*
5(p) = (2n)4jd4kk2[(p—k)2—m2]' (4.4.9)

Acting in a usual way we go to fractal dimension D = 4 - 2¢,& € (0,1] convert the
indices of the y-matrices and introduce the Feynman parametrization. The result is

e*((u?)*), d+2k[—2(1 - &)(p—K) + (4— 25)m]
(2 )4—2{,‘) J- (I (k2 — 2Kpx + p2x — m2x]2 )8 (4.4.10)

The integral over k can now be evaluated according to the standard formulas
(=O"(pe)), =

2 ((=u?)?), ( 2(1—s)|@(1—x)+(4—2g)m) (4.4.11)
I167r ((4n)~), (), I dx [P?X(1 - X) — m?x]* .

(EP"(p;e)), =

This expression can be expanded in series in ¢,& € (0,1]

(EDim(b;g))g = _j e2 _ b_4m +ﬁ_Zm_(lf)—4m)(—7/E+|Og(47T))
1672 |: ( & )g (4.4.12)

+jl AX[26(1 - x) — 4] log PX(E=X) = m°X }
0 —u?

At last, consider the vertex function Fig.4.4.2c). The corresponding formal expressionis
is
(p-k—q+myrp-k+my”
r L P . 4.4.1
0.0 = e [ g - P07 - I (419

Transfer (4.4.13) to dimension 4 — 2¢,¢ € (0,1] and introduce the Feynman
parametrization. This gives corresponding Colombeau integral

3 2
%r(a j ax | dy

O d* 2Ky (p—k— &+ my*(p—k+m)y’] )
[(p-k-—@?—mA)y+ ((p-k)?Z-m)(x-y) + k3 (1-x]*

The integral over k is straightforward and reads

(T(p.g;e)), =
(4.4.14)

im(m ((=u®®), 1, ¢
(F2M(p,g;2)), = ie 12 F ), jodxjody

[y"(P(L—x) —q(L-y) + my*(P(L—-X) + Qy + m)y"]
I'(1
{( D) = 2y(L= %) + PL— X)X —y) + PBy(X—y) — MPX] ).
N T(e)), y'yPytyPyY }
2 ([(P-YA-x) +p>(A-X)(X—-Y) + g2y(x—y) —m?x]*) |

(4.4.15)

As one can see, the first integral is finite Colombeau quantity and the second one is
logarithmically divergent. Expanding in series in ¢,¢ € (0,1] we obtain



S {(5) -2 - e - )

—2opH fldXIX dy In| P=DYA=X) +PA- XK=y +FYX=Y) =X |, 4460
0 0 H

L [ gy @A —x) — 4 —y) + my#(p(L —x) + Gy + m)y”
RS (p—q)zy(l—X)+p2(1—x)(><—y)+q2y(x—y)—mzx}

Quantum electrodynamics (4.4.1) is a renormalizable theory; hence, the Colombeau
counter-terms repeat the structure of the Lagrangian. They can be written as

(ALS) -
(Z3,e)

-1 . "
—TSFEW +((Z2¢), = Digdy - m((Ze), - Dy + e((Z1e), — DyAy.

(T'1(p,g;¢)), = ie

(4.4.17)

The term that fixes the gauge is not renormalized. In the leading order of perturbation
theory we calculated the corresponding diagrams with the help of dimensional
regularization mentioned above. Their infinite large Colombeau parts with the opposite
sign give the proper Colombeau renormalization constants. They are, respectively,

162( ) \(Z2:), = 1- 162( )
167:2 (?);’(ZS)E =1- 167 2( )

Remark 4.4.1. We assume now that
(Z1:), > 0,(Z2¢), > 0,(Z3¢), > 0,(Z:), > 0. (4.4.19)

Adding (4.4.1) with (4.4.17) from (4.4.19) we obtain the QED,4 bare Lagrangian in
standard matter sector

(Z1e), =

(4.4.18)

(Zse), = 1-

Z3, N _
(L&), = Laep+ (ALFY) =- ( 34)8 F2, + (Za.) i0y — M(Z,) Gy +
&(Z1) WA — 5z (Ouh)? =

—+ ((Fe)®) +i(rar), aware), - mZ, Zzg) (FE0S), (VEDe),
& (4.4.20)
e(Z1:22:25.7) (w&r*), (Asns) (wars), e (OuAER),)? =
+(Fsm)®) +i(ar®),v8r®), - (MEP®), (FE1S), (vEDS), +

(e37*), (7ar*), (AF) (ve.), W(GH(AZET?)E)Z,

where
wer), = (Z22) v, (A1), = (Z32) A
(M3D®), = (Z.Z3),m (&81), = (Z1.Z5525) e (4.4.21)
<§shms>8 = (Z3’€)8§.

Remark 4.4.2. We assume now that



(Z1s), < 0,(Z2:), < 0,(Za;), < 0,(Z.), < O. (4.4.22)

Adding (4.4.1) with (4.4.17) from (4.4.19) we obtain the QED, bare Lagrangian in a
ghost
matter sector

Z3, . _a _
(£8E52™), = Lamo+ (ALFP), = B8 4 @) iy - mz) oy +
&(Z1) WA — 5z (Ouh)? =

= 2 (FEED?) - 1EF*), 0w, - mZ:Z5h), <wg'"5> (WBr®), +

( (4.4.23)
&(Z1.:25325:" ) (80, (REI) B, — 7= (Al )? =
+((FBD?) +iA), 080, - (mgr®) (PA*), (WEI®), +
(egms) (ngs) (Agms> ( gms . W(a#(AgI?g&)E)z
From (4.4.23) we finally obtain the QED,4 bare Lagrangian in a ghost matter sector
(c55™), -
L(FoE7) —iar),0war), —(mng) &), (i), - (4.4.24)
(€8, (™), (A8I®)  (vEl™), (Ou(AE), )%

2(59’”‘5)

where

(l//gms) = <(_ZZ,8)1/2>8V/1 (AB,E)g = <(_Zs’£)ﬂ2>8A’
(Me.), = (Z:Z34),m, (€s.), = (ZusZsh(Za) ™) e, @a=
(&or), = Zs)es:

The gauge invariance connects the vertex Green function and the fermion propagator
(the Ward identity), which leads to the identity (Z1.), = (Z2:),.

4.5.Quantum chromodynamics in a ghost sector via Colombeau
generalized functions.

Consider now the non-Abelian gauge theories and, in particular, QCD. The Lagrangian
of QCD has the form

1 (a#Aa)Z

Lot = —5 (Fi)? + ¢y 0, — my + 9oy ATy — 55
NP g g 2z (4.5.1)

+0,820,,C2 + gfab%d,caALCe,

where the stress tensor of the gauge field is now F&, = 6,A2 — 9,A2 + gfa®®ABAS and the
last terms represent the Faddeev-Popov ghosts.
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Fig.4.5.1.The vacuum polarization diagrams in the
Yang-Mills theory

The complications which appear in non-Abelian theories are caused by the presence
of many vertices with the same coupling as it follows from the gauge invariance. Hence,
they have to renormalize the same way, i.e there appear new identities, called the
Slavnov-Taylor identities. The full set of the counter-terms in QCD are

Z3.). —1
(ac8®) = {822 5,88 - 0,802 - (@), - DiSeAZAND,AS -

2
(Zas), - ) F0F0ABATALAG + 452
((23,8)8 -1)0,c%,c? + g((21’8)8 — 1)fabey, caAbee
H((Z2s), = Dy = M((Z2), = D +9((Zays), — DFATy,

Remark 4.5.1. We assume now that

S.m.s.

(Zg'm's)g > O, (Z%rgs)e > 0’ <21’8 >8 > O, (Z%g‘s)g > O,

s.m.s.

N (4.5.3)
Z5r), > 0.(Z30%), > 0.@), > 0.

Where we abraviate (Z3™*),, (Z37*) ., etc., instead (Z.),, (Z1.),, €tc., in standard
matter

sector.

Adding (4.5.2) to the initial Lagrangian (4.5.1) from (4.5.2) we obtain the QCD4 bare

Lagrangian in standard matter sector



<£%%rgzm's'>g = »CQCD + <A[,SCD>8 =
(ng)e

(0,A2 — 0,A2)2 — g(Z1,) F*°AIADD, AS
(248) fabcfadeAbAcAdAe (ZS,g)anéaaCa_g(zlg) fabca CaAbCC
+i (Zz,e)gvfal// - M(Z:) 7y + 9(Zay ) W ATy — 2 z (O A2)2
=~ (Qu(ABT®), — O (AE™) )2 -
0(Z1.Z52")  FOUATED) AT 0uATE s
—(z4,825§)897fab°f el (ARET®) 1A I[ (AST®) | JIAT ) ]+
[(0.C85™),1[(0uCEE™) ] +
of (Z1:25:257) ] 100, e55™), [ (ABED®), JI(eEE™), ]
( 8) 2 e
2= (@AER*),) " ilar), 1 (vare), ] -
M(Z:Z3;) [(F82*) J(wr*),] +
of (ZZ242577) Jlwans) [ (Ag™), ITel(ware), ).

This results in the relations between the renormalized and the bare fields and couplings

(4.5.4)

(w8r*), = 2%y, (ARF*), = Z3°A (G81®), = Z3°¢,
(M3TS), = ZZ5'm, (9§T°), = Z1Z5*%g, (&87%), = Za&, (4.5.4)
2123 = le3 , Ly = Z%Zél, ZlWZEJ' = legl.
The last line of equalities follows from the requirement of identical renormalization of
the coupling in various vertices and represents the Slavnov-Taylor identities for the
singular parts.The explicit form of the renormalization constants in the lowest

approximation follows from the one-loop diagrams of QCD. Aa usual, one has to take the
singular part with the opposite sign. For instance one has in the MSscheme:

_1_ 9 (Ce 1. 9 (504 _
(Z2s), = 1 162( ),(zg,g) =1+ (£Ca 2 Tiny) -

167r ( >(3 A__Tf”f)’

_1_ 4'CF v _1_ 92 CA 4.5.5
(Zs)g - 1 16 2 ).1(21,8)‘E - 1 167T2 ( 28 >‘1 ( .S )
5 N _ 9> [/C 12
Zao), = 1+ 705 (52) .- (1.227:317), -

1g7r %gc _%Tfnf)g =1- 167r ( ) (11C _%Tfnf)

where the following notation for the Casimir operators of the gauge group is used
fabefdbe — Co529, (T2T2); = Cgdij, Tr(TaTP) = T:520. (4.5.6)

For the SU(N) group and the fundamental representation of the fermion fields they are
equal to



_ _ N2-1 _ 1
Ca=N, Cr = SN T = =. (4.5.7)
Remark 4.5.2. We assume now that

ngs ngs ngs
( ), < 0,( ) < 0,( ) < 0, (4.5.8)
(ngs) <0, (ngs) < 0.

Where we abraviate (22™*) ,(Z97"*),,etc., instead (Z;),,(Z1.),. etc., in ghost matter
sector.

Adding (4.5.2) to the initial Lagrangian (4.5.1) from (4.5.5) we obtain the QCD,4 bare
Lagrangian in a ghost matter sector

(£ace™) . = Loco+ (ALIP®) =
- Zgg‘s)g (a Aa b, Aa)2_ (ngs) fabcAaAba AC
g u/ My

—(Z4,g)£g—zfabcfadeAﬂASAﬂAs (Z37%) 0,202 — g(Z8*) 2, caAbce
+ﬂ2““>waw4m2?mnww+m2$§LWAﬂﬁy—§gw¢ﬁv
= — L (AN - A2 -
of @), 1L @8r), 17 fof Angr), [ (AE®) Ju@nAser),] (459
~ (Z4:Z32), g S-tavcpadel (APSTS) IATET®) [ (AED) JIAvEr), ]+
[(0,C32™), 1[(8,C82™), 1 +
of (21:25325.%) | 120052, I (M), Jlest™),]

ngs
—[( L (0,8, ) i), (owg®), -

M(Z.Z3;), W%TSWETS +of (24252 2507) |wareAgI ™ Taydre.
The relations between the renormalized and the bare fields and couplings reads

WEr®), = [(Z8)), 1w, (AEr®), = [(-Z28"), 1A
<Csms> _ I:(ngs) :Iﬂzc (mgms) _ [(Zg-ms [(ngs :|—1
(98:%), = z[(-Z87),] g, (egms .= L&), &
[@30) L@, 17 = 223, Za = 2325}, 71,25 = Z:Z5"

(4.5.10)

4.6.The general structure of the R-operation via Colombeau
generalized functions.

The structure of the counter-terms as functions of the field operators depends on the
type of a theory. According to the canonical classification [8],[20],the QFT theories are
divided into three classes: superrenormalizable (a finite number of divergent diagrams),
renormalizable (a finite number of types of divergent diagrams) and non-renormalizable
(a infinite number of types of divergent diagrams). Accordingly, in the first case one has
a finite number of counter-terms; in the second case, a infinite number of counter-terms



but they repeat the structure of the initial Lagrangian, and in the last case, one has an
infinite number of structures with an increasing number of the fields and derivatives.

Remark 5.6.1.In the case of renormalizable and superrenormalizable theories, since
the Colombeau counter-terms repeat the structure of the initial Lagrangian, the result of
the introduction of counter-terms can be represented as

(L:), + (AL;), = (LE¥®), = L(($B:) 2 {(FB:) . {(Mee) ), (4.6.1)
i.e., (LB%®) is the same Lagrangian (£, ), but with the fields, masses and coupling
constants being the "bare" ones related to the renormalized quantities by the
multiplicative equalities.
Remark 5.6.2. Note that: (i) for standard sector (Zi.({g},(V¢),)), > Oand

corresponding
equalities reads

<¢E§res.ms>g _ [(Zi,g({gg},(llg))ﬂz)sj(ﬁ,
<gi|2’»?resm.s.>€ - [(Zig',ssm's'({ge}!ﬂg))g](gi'C)S’ (4.6.2.3)
(meresn=) = [(@ams({gh, (We),), Im,

(ii) for a ghost sector (Zi:({g},(Ve),)), < 0and corresponding equalities reads

<¢iB’.:reg.m.s> = I: (_Z::S.ms({gg}, (1/8))ﬂ2> . ]¢,
( giB’»:reg.m.s> = I: (Zb%ms({gg}’ 1/8)) . ] (gi,s)sy (4.6.2.b)
(mil?:treg-m.s) = I: (Zir'r?'ems({gf}’ (1/g)g)> . ]miy

where the Colombeau renormalization constants (Z; ), depend on the renormalized
parameters and the parameter of regularization, where for definiteness we have chosen

(Ue), € R. In some cases the renormalization can be nondiagonal and the
renormalization constants become matrices.The renormalization constants are not
unique and depend on the renormalization scheme. This arbitrariness, however, does
not influence the observables expressed through the renormalized quantities. We will
come back to this problem later when discussing the group of renormalization. In the
gauge theories (Z;.), may depend on the choice of the gauge though in the minimal
subtraction scheme the renormalizations of the masses and the couplings are gauge
invariant.In the minimal schemes the renormalization constants do not depend on
dimensional parameters like masses and do not depend on the arrangement of external
momenta in the diagrams. This property allows one to simplify the calculation of the
counter-terms putting the masses and some external momenta to zero, as it was
exemplified above by calculation of the two-loop diagrams. In making this trick, however,
one has to be careful not to create artificial infrared divergences. Since in dimensional

regularization they also have the form of poles in (¢), < R, this may lead to the wrong
answers.In renormalizable theory the finite Green function is obtained from the "bare"
one, i.e., is calculated from the "bare" Lagrangian by multiplication on the corresponding
Colombeau renormalization constant

(Ce({P%H 1%, Que)), = [(Zre(Ve, 9us)) JTE({P?}, Ve, g2)) (4.6.3)
where in the n-th order of perturbation theory the "bare" parameters in the RHS of the



Eq.(4.6.3) have to be expressed in terms of the renormalized ones with the help of
relations (4.6.2.a) or (4.6.2.b) taken in the (n— 1)-th order. The remaining constant
(Zr), creates the counter-term of the n-th order of the form
(AL;), = ((Zr:), — 1)(Or,),, where the Colombeau generalized operator (Or), reflects
the corresponding Green function. If the Green function is finite by itself (for instance,
has many legs), then one has to remove the divergences only in the subgraphs and the
corresponding renormalization Colombeau constant (Zr,.), = 1.

Note that since the propagator is inverse to the operator quadratic in fields in the
Lagrangian, the renormalization of the propagator is also inverse to the renormalization
of the 1-particle irreducible two-point Green function:(i) for standard sector

DS™S (02,42, (Gc),) = (DE™ (P2, 4%, G)), =

1 (4.6.4.a)
[ (Z7(We),.9.0)) | DBwesms (02, (W), (gB7es™),).
and (i) for a ghost sector
Dg.m.s.(pzhuz,(gﬂys)g) - (Dgl-""-s-(pZ’‘uZ,gyy‘E))‘g =
(4.6.4.b)

(@87 ((Us),.9,.0)), ] "DEe0ms (p2, (UUe),., (59" ).

correspondingly. The propagator renormalization constant is also the renormalization
constant of the corresponding field, but the fields themselves, contrary to the masses
and couplings, do not enter into the expressions for observables.

We would like to stress once more that the R-operation works independently on the
fact renormalizable or non-renormalizable the theory is. In local theory the counter-terms
are local anyway. But only in renormalizable theory the counter-terms are reduced to the
multiplicative renormalization of the finite number of fields and parameters.

One can perform the R-operation for each diagram separately. For this purpose one
has first of all to subtract the divergences in the subgraphs and then subtract the
divergence in the diagram itself which has to be local. This serves as a good test that
the divergences in the subgraphs are subtracted correctly. In this case the R-operation
can be symbolically written in a factorized form

R(Ge)s - l_[div.subgraphg:l' N (MV'S)e)(GE)g' (4.6.5)

where (G;), is the initial diagram, M, is the e-subtraction operator (for instance,
subtraction of the e-singular part of the regularized diagram) and the product goes over
all divergent subgraphs including the diagram itself. By a subgraph we mean here the
1-particle irreducible diagram consisting of the vertices and lines of the diagram which is
UV divergent. The 1-particle irreducible is called the diagram which can not be made
disconnected by deleting of one line.

We have demonstrated above the application of the R-operation to the two—loop
diagrams in a scalar theory. Consider some other examples of diagrams with larger
number of loops shown in Fig.4.6.1. They appear in the ¢4 theory in the three-loop
approximation.
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Fig.4.6.1.The multiloop diagrams in the cp4 theory

In order to perform the R-operation for these diagrams one first has to find out the
divergent subgraphs. They are shown in Fig.4.6.2.

<=

‘ d ) Wl N N "
l NS \ ~ P P PPN
S A~ .

Fig.4.6.2.The divergent subgraphs in the diagrams of Fig.4.6.1.

Let us use the factorized representation of the R-operation in the form of (4.6.5). For
the three chosen diagrams one has, respectively,

(RGas), = (1= (Mg, )(L-M,)(1= (M,;.) )(Gas),.,
(RGy,), = (1~ (Mg,),)(1 = M,,)(1 - (M,,,),)(Gay),. (4.6.6)
(RGc:), = (1 (Me,))(L = My,) )2 = (M, ) )AL= (M,,,) )(Gae),,

where y; and y, are the one- and two-loop divergent subgraphs shown in Fig.4.6.2.The

result of the application of the R-operation without the last subtraction ( R/-operation) for
the diagrams of interest graphically is as follows:

N P N
X < >l el X Ny
el 1 - P ARE e A viRE e Tel
T AD X
SN
% S K
(A (Y ()
- Y / - -7 XX PAVAW
| ' Voo p%4
B - K S
P ~ - N A
MK = O OO )X - (K
VXK« XS

Fig.4.6.3.The R'-operation for the multiloop diagrams.

Here, as before, the graph surrounded with the dashed circle means its singular part



and the remaining graph is obtained by shrinking the singular subgraph to a point.

Let us demonstrate how the R '-operation works for the diagram Fig.4.6.1a). Since the
result of the R'-operation does not depend on external momenta, we put two momenta
on the diagonal to be equal to zero so that the integral takes the propagator form. Then
we can use the method based on Fourier-transform, as it was explained above. One has

_ r2a-ore) )\ 1’
‘[(m“g) r2-20) H

and

- ra-gre) 17 L T?(1-26)I(3e) w2 )35 N
‘[(m T2 H [(m 8)r2(1+e>r(2—4s>>j((p2 =

1 ,UZ 3e
(e3(1-2¢)%(1-4e)), (F> .

Where we use the angular integration measure in the 4 — 2¢ dimensional space
accepted above, which results in the multiplication of the standard expression by I'(1 - ¢)
in order to avoid the unwanted transcendental functions. Following the scheme shown in
Fig.4.6.3 we get

.f

-1 _ o Pa-are)
o EF(l €) I(2-2¢)



201 T 2
_ _;r(l_g)wr(l_g)w(#_)zs

= ( u? )25
T(2-2¢) I'(A+&)'(2-3¢)

£3(1~ 2{,‘)(1 3e)

'—hu '-h\ f
Q O AOC'1 p

1 _ 2 TAITE) #2Ne o 1 JLAY
= 52 r(l 8)_ 1“(2—25) ( p2 ) - 83(1—2{;‘) ( p2 ) .

Combining all together we get

~__ 1 “_2 3 _
£3(1-2¢)2(1-4¢) ( 2 )

= (”z )+ o~ (”2 )¢
(1 2¢) (1 2¢)

— 1-g—€2

&3

Note the cancellation of all nonlocal contributions. The singular part after the

R'-operation is always local.

The realization of the R'-operation for each diagram (G;), allows one to find the
contribution of a given diagram to the corresponding counter-term and, in the case of a
renormalizable theory, to find the renormalization constant equal to

(Z:), = 1- (lcg R’Gg> : (4.6.7)

where K, means the ¢-extraction of the g-singular part. Adding the contribution of
various diagrams we get the resulting counter-term of a given order and, accordingly, the
renormalization constant.



4.7.Renormalization Group in a ghost sector.

The procedure formulated above allows one to eliminate the ultraviolet divergences
and get the finite expression for any Green function in any local quantum field theory. In
renormalizable theories this procedure is reduced to the multiplicative renormalization of
parameters (masses and couplings) and multiplication of the Green function by its own
renormalization constant. This is true for any regularization and subtraction scheme.
Thus, for example, in the canonical cutoff regularization and dimensional regularization
via Colombeau generalized functions the relation between the "bare" and renormalized
Green functions for standard matter sector looks like

TSMS({p2}, 12, 4Gu}) = Zrsms(AZp?, {9, )TBREP?) A, {0852 (4.7.1)
and
TSmS({p2}, 12, {(Gue),}) = Zrsms((Ue) . {(Qe) NTERLPZ, (Ue),., {(0832.),)), (4.7.2)
correspondingly and for a ghost sector looks like
OMS({p?}, 12,40, }) = Zrams(A%pi2, {0, )TEBS({P2}, A, {0BE}) (4.7.3)
and
F9me({p?, w2, {(G51) 1) = Zroms(Us) . {(G30) DT e ({P (Us) . {(G8en) ), (4.7.4)

where {p?} is the set of external momenta, {g} is the set of masses and couplings for
standard matter sector

9ame = Zg™ (A2, {gi™ )9, (4.7.5)
OBare = Z5°((Ve) ., {(9a7°) .19 (4.7.6)
and for a ghost sector
OBare = 28" ((A%p2,{gi™})g, 4.7.7)
Qaare = 28 ((Ve) . {(9") ). (4.7.8)

correspondingly.In what follows we stick to dimensional regularization and rewrite
relation (4.7.2) and (4.7.4) in the commun form

Bare({P%}, (Ve) ., {Garer) = ZEH((Ve),, {9u )T *({P?}, 1%, {Q,}) (4.7.9)
and

QBare = Zg((Le) ., {(97i) 1)(G2), (4.7.10)

where I'*, T'g,e @and ggae Stand for standard sector /ghost sector.

It is obvious that the LHS of this equation does not depend on the parameter of
dimensional transmutation y and, hence, the r.h.s. should not also depend on it. This
allows us to write the functional equation for the renormalized Green function.
Differentiating it with respect to the continuous parameter u one can get the differential
equation which has a practical value: solving this equation one can get the improved
expression for the Green function which corresponds to summation of an infinite series
of Feynman diagrams.

Consider an arbitrary Green function (I';({p?}, u?, {9;.c})), obeying equation (4.7.4)

with the normalization condition
(T:({p?},u2,0)), = 1. (4.7.11)



Differentiating the Eq.(4.7.4) with respect to u? we get:

og; .
o), =i, +,U( 92)( o)
d 0 .\ 00 .
dIn(Zr ) (4.7.12)
= MZTE(ZF ) (r Bare)
or
L TP 2.000), + (@), (S5 TP 000 )
{P?} 12, 9, p(g P’} 12, 9; ) (4.7.13)
+(r £ Ti(Pp% %, 95e)), = O,
where we have introduced the so-called beta function (5(g;)), and the anomaly
dimension of the Green function (y7.(g:)), defined as
do:
(B*(97), = uz(d—gz) : (4.7.14)
/J € (g:,bare>g
and
dinz;.
(rr:(92)), = —uz( . =X ) : (4.7.15)
‘u € (g:,bare>g

Equation (4.7.13) is called the renormalization group equation in Colombeau generalized
functions.The solution of the renormalization group equation can be written in terms of
characteristics:

(r;( {Z?,gg)) = [(r;({zz} A, ga)) Jexp(j[(yl*—;(g(t,g:)))e]dt), (4.7.16)
€ e 0

where the characteristic equation is (for definiteness we restrict ourselves to a single
coupling)

Laten), = (3@, ©@:0,6)), = @), (4.7.17)

Consider now the product
2
[(g:)g](F:( {22} ,g.g)) : (4.7.18)

If (I'}), is the n-point function, then the renormalization of the coupling (g;), is given
by

(GEares), = (Z1),(Z2"%) (90, (4.7.19)
and the product (4.7.18) is renormalized as
(9),(T7), = (Z2%%) (Gtares) ,(Thares) - (4.7.20)

Hence, one has the same equation as (4.7.9) with solution (4.7.16) but with
(Zf:), = Z*”’2 and (y1:), = -"2(y3,),. (Recall that the anomalous dimension (y3,), is
defined with respect to the Colombeau renormalization constant (Z5."),.)

Furthermore, one can construct the so-called invariant charge by multiplying the
product (4.7.18) by the corresponding propagators



&), = (gz)s( ({22}9)) (H, 1D*”2(M2,gg>) . (4.7.21)

The invariant charge (&7),, being RG-invariant, obeys the RG equation without the
anomalous dimension and plays an important role in the formulation of the
renormalization group together with the effective charge. In some cases, for instance in
the MOM subtraction scheme, the effective and invariant charges coincide.

The usefulness of solution (4.7.16) is that it allows one to sum up an infinite series of
logs coming from the Feynman diagrams in the infrared (t -~ —o0) or ultraviolet (t - o)
regime and improve the usual perturbation theory expansions. This in its turn extends
the applicability of perturbation theory and allows one to study the infrared or the
ultraviolet asymptotics of the Green functions.

To demonstrate the power of the RG, let us consider the invariant charge in a theory
with a single coupling and restrict ourselves to the massless case. Let the perturbative
expansion be

2
(58( .g)) = (9:),.(1+ b(g;)gln% +...). (4.7.22)
The p* function in the one-loop approximation is given by
(B*(9:)), = b(g),. (4.7.23)

Notice that the coefficient b of the logarithm in Eq.(4.7.22) coincides with that of the g*
function. Alternatively the * function can be defined as the derivative of the invariant
charge with respect to logarithm of momentum

(4.7.24)
p2=2 .

(B(9:), = p2< > 58( g>

This definition is useful in the MOM scheme where the mass is not considered as a
coupling but as a parameter and the renormalization constants depend on it. We will
come back to the discussion of this question below when considering different definitions
of the mass. According to Eq.(4.7.16) (with vanishing anomalous dimension) the
RG-improved expression for the invariant charge corresponding to the perturbative
expression (4.7.22) is:

2 2 2

where we have put in eq.(4.7.16) p? = u? and then replaced t by t = Inp?/u?. The
effective coupling is a solution of the characteristic equation

(tg)) =b@?), (8:09; D t=InE 4.7.26
(Saran) =b@d, (8:0.9)), = @), Nz (4.7.26)

The solution of this equation is
st ey 9E),
(gs(t!gs))g - 1_ bt(gZ)g .
Being expanded over t, the geometrical progression (4.7.27) reproduces the
expansion (4.7.22); however, it sums the infinite series of terms of the form [(g;") ]t".

This is called the leading log approximation (LLA) in QFT. To get the correction to the
LLA, one has to consider the next term in the expansion of the g* function. Then one

(4.7.27)



can sum up the next series of terms of the form [(g;"),]t"* which is called the next to
leading log approximation (NLLA), etc. This procedure allows one to describe the
leading asymptotics of the Green functions for t - +oo.Let us consider now the Green
function with non-zero anomalous dimension. Let its perturbative expansion be

p p>
(Fz(ﬁ,g;;)) = 1+[(g;)8]CInF +... (4.7.28)
Then in the one-loop approximation the anomalous dimension is
(r*(9:)), = c(9:),- (4.7.29)

Again the coefficient of the logarithm coincides with that of the anomalous dimension.
In analogy with Eq.(4.7.24) the anomalous dimension can be defined as a derivative with
respect to the logarithm of momentum
. (4.7.30)
p2=2 .

2
(r (@), = p? -5 InTz( 25,0
u
Substituting (4.7.29) into Eq.(4.7.16), one has in the exponent

dp?
t
( [r @, g:)dt) -
0 &€

o o
y*(98) .. c 95 c( QE)
dg: | = £ dg: | = S(Inde) .
Q p*(95) g) b(g* g:? g) b\ 9/,

This gives for the Green function the improved expression

g: —clb 1 c/b
(FRGg)g: [(g)e} = [T(g:)e} ~1+ct+... (5.7.32)

Thus, one again reproduces the perturbative expansion, but expression (4.7.32) again
contains the whole infinite sum of the leading logs. To get the NLLA, one has to take into
account the next term in eq.(4.7.29) together with the next term of expansion of the g*
function. All the formulas can be easily generalized to the case of multiple couplings and
masses.

The effective coupling in a ghost sector

By virtue of the central role played by the effective coupling in RG formulas, consider it
in more detail. The behaviour of the effective coupling is determined by the g* function.
Qualitatively, the pg* function can exhibit the behaviour shown in Fig.4.7.1. We restrict
ourselves to the region of small couplings.In the first case, the g*-function is positive.
Hence, with increasing momentum the effective coupling unboundedly increases. This
situation is typical of most of the models of QFT in standard matter sector in the
one-loop approximation when ($*(g;)), = b(g;?), and b > 0. The solution of the RG
equation for the effective coupling in this case has the form of a geometric progression
(4.7.27).

(4.7.31)
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Fig.4.7.1.The possible form of the g*-function.
The arrows show the behaviour of the
effective coupling in the UV regime: t - o.

In the second case, the p-function is negative and, hence, the effective coupling
decreases with increasing momentum. This situation appears in the one-loop
approximation when b < 0, which takes place in the gauge theories. Here we also have a
pole but in the infrared region.

In the third case, the pB-function has zero: at first, it is positive and then is negative.
This means that for small initial values the effective coupling increases; and for large
ones, decreases. In both the cases, with increasing momentum it tends to the fixed
value defined by the zero of the g-function. This is the so-called ultraviolet stable fixed
point. It appears in some models in higher orders of perturbation theory.

4.8.Dimensional regularization and the MS scheme in a ghost
sector

Consider now the calculation of the (8*(g;)), function and the anomalous dimensions
in some particular models within the dimensional regularization and the minimal
subtraction scheme. Note that in transition from dimension 4 to 4 — 2¢ the dimension of
the coupling is changed and the "bare" coupling acquires the dimension [g5.] = 2¢. That
is why the relation between the "bare" and renormalized coupling contains the factor
(W)

(95:), = (#?)°Zg:07),- (4.8.1)

Hence, even before the renormalization when Zg4 = 1, in order to compensate this factor
the dimensionless coupling g should depend on . Differentiating Eq.(4.8.1) with respect
to u? one gets

_ * leng.t * dg; )
ie.,
dg; dlogZg: )
(a* = - _ * * kgt~ o ° — Ot * . 4.8.
Bra@), = (Goker ) = o), + @), GoZs ) -~ o+ pu@). @83

In the MS scheme the renormalization constants are given by the pole terms in /e
expansion and so does the bare coupling. They can be written as

@), =1+ 37, —(Cgiﬁ‘;z)s TS DI —(C”r(“g';g Do (484



And similarly

@), = (), (@), + 27, G ]

(@nm(9:™H)), J

(4.8.5)
= ((ﬂ2)8)8|:(g:)3+2:=12:1=n (((:n)‘g

Differentiating eq.(4.8.4) with respect to Inu? and having in mind the definitions
(4.7.14) and (4.7.15), one has:

[1 Py (C”(gg” ](y (@),

© Cn( s)
dg; 21 el )

Equalizing the coefficients of equal powers of ¢, one finds

-o@)

(g:)g(%cn(g)) = (4.8.7)

(4.8.6)

= [(egr), + <ﬁ(gz>>81(

(rra(@)), = <gz>g(

(e (@), (Cna(@)), + (B(@D), ( . 1(gg)) N2

dg; :

One sees that the coefficients of higher poles (cn(g;)),, n > 2 are completely defined by
that of the lowest pole (c1(g9;)), and the B* function. In its turn the p*-function is also
defined by the lowest pole. To see this, consider Eq.(4.7.20). Differentiating it with
respect to Inu? one has

<s>g[(g:)g +Z:;1%] +

. (4.8.8)
o), + (e, 1+ (& T, 292 | -0
Equalizing the coefficients of equal powers of ¢, one finds
(@), - @), ae)) - @E), (4.8.9)

and

(@), (gEan@) ) - @), = (@), (ghana@)) . n=2  @8.10)

Thus, knowing the coefficients of the lower poles one can reproduce all the higher
order divergences. This means that they are not independent, all the information about
them is connected in the lowest pole. In particular, substituting in (4.8.10) the
perturbative expansion given by Eq.(4.8.5) one can solve the recurrent equation and find
for the highest pole term

(@ann(9:)), = (@11(9z)).. (4.8.11)
i.e. in the leading order one has the geometric progression



(99).(1*),
1-(e™),(9:),(au(9),
which reflects the fact that the effective coupling in the leading log approximation (LLA)
is also given by a geometric progression (4.8.12).The pole equations are easily
generalized for the multiple couplings case, the higher poles are also expressed through
the lower ones though the solutions of the RG equations are more complicated.

Consider now some particular models and calculate the corresponding g*-functions
and the anomalous dimensions.

(OBares), = (4.8.12)

The ¢4 theory
Standard matter sector
We remind that standard matter sector of the ¢* theory defined by the inequality

1—— 98) > 0. (4.8.13)

2_14<%>8 <1 (4.8.14)
Remark.4.8.1.Note that
@), = [1- 4 (%) } — 1+ L (%) - (4.8.15)

The renormalization constants in the MS scheme up to two loops are given by

Eq.(4.3.14) -Eq.(4.3.16), where (g.), = (128)5 :
T

(Zae), =1+ 3 (L) + %(2—5)8—%(%);
@), =[1- 4 () ] - )
@), = @iz, =1+ 3(%) +(2(5) - B (3),)

Notice that the higher pole coefficient ax; = 9/4 in the last expression is the square of
the lowest pole one a;; = 3/2in accordance with Eq.(4.8.11).Applying now Eq.(4.8.7)
and Eq.(4.8.9) we get

, (4.8.16)

74(@) = 39-3¢%
r2(0) = 3592 (4.8.17)
B = gra+2r2) = 3g2- g2

One can see from Egs.(4.8.17) that the first coefficient of the p-function is 3/2, i.e., the
¢* theory in standard sector belongs to the type of theories shown in Fig.4.7.1a). In the
leading log approximation (LLA) one has a Landau pole behaviour. In the two-loop
approximation (NLLA) the p-function gets a non-trivial zero and the effective coupling
possesses an UV fixed point like the one shown in Fig.4.7.1). However, this fixed point is
unstable with respect to higher orders and is not reliable. Here we encounter the
problem of divergence of perturbation series in quantum field theory, they are the
so-called asymptotic series which have a zero radius of convergence.



The ¢4 theory
Ghost matter sector
We remind that ghost matter sector of the ¢* theory defined by the inequality

1——(95) <0, (4.8.17)

1 /79
o (—8 ) > 1. (4.8.18)
Remark.4.8.2.Note that

@), =[1——(g€) ]"-

()0 5(8), ) =-(§),- ( ) -
The renormalization constants in the MS scheme up to two loops are given by Eq.
(4.3.14)- Eq.(4.3.16), where (g;). = (e)y :
¢ 1672
3(9 99 3/1
(Z4£) =1+ ( ) Z(?)‘g_§<?>g
9e ~ [ _E_ 1 3_2
@b, =[1-2 (), =-($), 24(gg)’
) ¢ (4.8.20)
.- @z, -1 3(8),+(3(8) - B
£\ ;1 (& ~_9(9
|:<g‘E >E+ 24(g§)£:| ~ 4< = >8+const
Applying now Eq.(4.8.7) and Eq.(4.8.9) we get
(B@:), = —2 (9. (5.8.21)

One can see from Egs.(4.8.21) that the flrst coefficient of the g-function is —-9/4, i.e.,
the ¢* theory in a ghost sector belongs to the type of theories shown in Fig.4.7.1b).

5.Renormalizability-of-Higher-Derivative-Quantum-Gravity.

5.1.The Higher-Derivative Theories of Gravitation.Green’s

functions.

Adding quadratic products of the curvature tensor to the gravitational action leads to
field equations in which some terms involve four derivatives. While it is not the purpose
of this paper to investigate the novel consequences of these classical field equations, a
brief summary of some of the salient features is in order to give a grounding to the
following discussion of renormalization.

Gravitational actions which include terms quadratic in the curvature tensor are
renormalizable. The necessary Slavnov identities are derived from Becchi-Rouet-Stora
(BRS) transformations of the gravitational and Faddeev-Popov ghost fields. In general,
non-gauge-invariant divergences do arise, but they may be absorbed by nonlinear
renormalizations of the gravitational and ghost fields and of the BRS transformations

(4.8.19)



[13].The generic expression of the action reads
lsym = —J. d*x /=g (@R R" — BR? + 2« °R), (5.1.1)

where the curvature tensor and the Ricci is defined by R, = 6,I'f, and Ry = R},
correspondingly, ? = 327G, we used the signature (- + + +). The convenient definition
of the gravitational field variable in terms of the contravariant metric density reads

Kh® = g#vm — nu"_ (5 12)

Analysis of the linearized radiation shows that there are eight dynamical degrees of
freedom in the field. Two of these excitations correspond to the familiar massless spin-2
graviton. Five more correspond to a massive spin-2 particle with mass m,. The eighth
corresponds to a massive scalar particle with mass mg. Although the linearized field
energy of the massless spin-2 and massive scalar excitations is positive definite, the
linearized energy of the massive spin-2 excitations is negative definite. This feature is
characteristic of higher-derivative models, and poses the major obstacle to their physical
interpretation.

In the quantum theory, there is an alternative problem which may be substituted for
the negative energy. It is possible to recast the theory so that the massive spin-2
eigenstates of the free-fieid Hamiltonian have positive-definite energy, but also negative
norm in the state vector space.

These negative-norm states cannot be excluded from the physical sector of the vector
space without destroying the unitarity of the S matrix. The requirement that the graviton
propagator behave like p~ for large momenta makes it necessary to choose the
indefinite-metric vector space over the negative-energy states.

The presence of massive quantum states of negative norm which cancel some of the
divergences due to the massless states is analogous to the Pauli-Villars regularization of
other field theories. For quantum gravity, however, the resulting improvement in the
ultraviolet behavior of the theory is sufficient only to make it renormalizable, but not
finite.

The gauge choice which we adopt in order to defining the quantum theory is the
canonical harmonic gauge: 0,h* = 0. Corresponding Green’s functions are then given
by a generating functional

Z(Tw) = Nj[]‘[m dhﬂv][dC"][dCT]é“(FT)

oo et e o)) O

Here F* = ﬁpvhﬂv,ﬁfw = 5[,7% and the arrow indicates the direction in which the derivative
acts. N is an normalization constant. C° is the Faddeev-Popov ghost field, and C; is the
antighost field. Notice that both C° and C, are anticommuting quantities. D" is the
operator which generates gauge transformations in h*’, given an arbitrary

spacetime-dependent vector £%(x) corresponding to x* = x* + k&# and where
D& EX(X) = OHEY + 0VEH — MV 0uE® + K (0aEFNY + g &N — E40, N — §,E%hHv ) (5.1.4)
In the functional integral (5.1.3), we have written the metric for the gravitational field as
[Hugv dhﬂv] without any local factors of g = det(g,.). Such factors do not contribute to
the Feynman rules because their effect is to introduce terms proportional to



64(0)Id4xln(—g) into the effective action and §4(0) is set equal to zero in dimensional

regularization.

In calculating the generating functional (5.1.3.) by using the loop expansion, one may
represent the -function which fixes the gauge as the limit of a Gaussian, discarding an
infinite normalization constant

54(F7) ~lim exp[i($A71[d*FF7) ]. (5.1.5)
A-0

In this expression, the index r has been lowered using the flat-space metric tensor 7, .
For the remainder of this paper, we shall adopt the standard approach to the covariant
guantization of gravity, in which only Lorentz tensors occur, and all raising and lowering
of indices is done with respect to flat space. The graviton propagator may be calculated
from lsym+ %A‘ljd“xF,Ff in the usual fashion, letting A —» 0 after inverting. The

expression %A‘l j d*xF.F* contains only two derivatives. Consequently, there are parts

of the graviton propagator which behave like p=2 for large momenta. Specifically, the p=2
terms consist of everything but those parts of the propagator which are transverse in all
indices. These terms give rise to unpleasant infinities already at the one-loop order. For
example, the graviton self-energy diagram shown in Fig.5.1.1 has a divergent part with
the general structure (6*h)2. Such divergences do cancel when they are connected to
tree diagrams whose outermost lines are on the mass shell, as they must if the S matrix
is to be made finite without introducing counterterms for them. However, they greatly
complicate the renormalization of Green'’s functions.

Fig.5.1.1.The one-loop graviton self-energy diagram.

We may attempt to extricate ourselves from the situation described in the last
paragraph by picking a different weighting functional. Keeping in mind that we want no
part of the graviton propagator to fall off slower than p~ for large momenta, we now
choose the weighting functional [12]

wa(e”) = exp[i( 1A [d*e %) ], (5.1.6)
where €7 is any four-vector function.The corresponding gauge-fixing term in the effective
action is

—Lic2A7 [ d*xF,O2F", (5.1.7)

The graviton propagator resulting from the gauge-fixing term (5.1.7) is derived in [13].
For most values of the parameters a« and f in lsynm it satisfies the requirement that all its
leading parts fall off like p= for large momenta. There are, however, specific choices of
these parameters which must be avoided. If @ = 0, the massive spin-2 excitations



disappear, and inspection of the graviton propagator shows that some terms then
behave like k2. Likewise, if 38 — a = 0, the massive scalar excitation disappears, and
there are again terms in the propagator which behave like p=2. However, even if we avoid
the special cases a = 0 and 36 — a = 0, and if we use the propagator derived from
(5.1.7), we still do not obtain a clean renormalization of the Green’s functions. We now
turn to the implications of gauge invariance.Before we write down the BRS
transformations for gravity, let us first establish the commutation relation for gravitational
gauge transformations, which reveals the group structure of the theory. Take the gauge
transformation (5.1.4) of h*’, generated by £ and perform a second gauge
transformation, generated by n*, on the h*" fields appearing there. Then antisymmetrize
in &4 and n*.The result is
uv
024D (&0~ n°€") = kDY (0" - 0, (5.1.8)

where the repeated indices denote both summation over the discrete values of the
indices and integration over the spacetime arguments of the functions or operators
indexed.

The BRS transformations for gravity appropriate for the gauge-fixing term (5.1.6) are
[13]

(a) 5BRsh“V = KD'{L;VC”52,, (b) 5BR5Ca = —KzaﬁC”CﬂSA,

C 51.9
(c) 8rsC: = —k3A1%F, 54, ( )

where 64 is an infinitesimal anticommuting constant parameter.The importance of these
transformations resides in the quantities which they leave invariant. Note that

5BRS(apCGCﬂ) =0 (5.1.10)
and
(SBRs(szWCa) = 0. (5.1.11)

As a result of Eq. (5.1.11), the only part of the ghost action which varies under the
BRS transformations is the antighost C.. Accordingly, the transformation (2.2.9c) has
been chosen to make the variation of the ghost action just cancel the variation of the
gauge-fixing term. Therefore, the entire effective action is BRS invariant:

Sers(lsim— +x2A7F,0%F + C,F;,D{'C?) = 0. (5.1.12)

Equations (5.1.9), (5.1.10), and (5.1.12) now enable us to write the Slavnov identities in
an economical way. In order to carry out the renormalization program, we will need to
have Slavnov identities for the proper vertices.

5.1.1. Slavnov identities for Green’s functions
First consider the Slavnov identities for Green’s functions.
Z(Tw,Bos B K Lo) = N dhw |[dC°][dC.]
o g J [Hﬂfv ] (5.1.13)
exp[iZ(h“V, C% Cr,Kus Lo, B,C?) + B_C7 + C.p7 + KTWh#v].

Anticommuting sources have been included for the ghost and antighost fields, and the
effective action = has been enlarged by the inclusion of BRS invariant couplings of the



ghosts and gravitons to some external fields K,, (anticommuting) and L, (commuting),
T = lsm— 1k2A1F,002F7 + C,F5,D'C" + kK, DA + k2L,05C°CP, (5.1.14)

T is BRS invariant by virtue of Eq.(5.1.9), Eq.(5.1.10), and Eq.(5.1.12). We may use the
new couplings to write this invariance as
53 5% 88 88 | ayarep 0%
5K, S TS 5cT TK g I 3G (5.1.15)
In this equation, and throughout this subsection, we use left variational derivatives with
respect to anticommuting quantities: 56f(C°) = 6C*6f/6C*. Equation (2.2.15) may be
simplified by rewriting it in terms of a reduced effective action,

T = £+ Lr2A TR, 0%, (5.1.16)
Substitution of (5.1.16) into (5.1.15) gives
0X 0% 0X 0¥ _
5K, Shi + 5L 5CT ~ 0, (5.1.17)
where we have used the relation
—l r _0X _ oz —
KF, 3K, 5C. 0. (5.1.18)
Note that a measure
[H dhﬂ[dco][da] (5.1.19)
usv

is BRS invariant since for infinitesimal transformations, the Jacobian is 1, because of the
trace relations

523
OK o™ (5.1.20)

523
®)  Scos ~ 0

both of which follow from J.d“xaaC“ = 0. The parentheses surrounding the indices in

(5.1.20a) indicate that the summation is to be carried out only for u < v.

Remark 5.1.1.Note that the Slavnov identity for the generating functional of Green’s
functions is obtained by performing the BRS transformations (5.1.9) on the integration
variables in the generating functional (5.1.13). This transformation does not change the
value of the generating functional and therefore we obtain

NJ[TT,., v Jieceiiec.]
(k2TuwDt ~ k?B,05C7CP + kAL GO ) x (5.1.21)
exp i (ﬁ +kTh® + B Co + Cfﬁf) ]-o

Another identity which we shall need is the ghost equation of motion. To derive this
equation, we shift the antighost integration variable C, to C, + §C., again with no
resulting change in the value of the generating functional:

Nj[ dhﬂv} dC"][dC,]( o, ﬁ’) exp[i(E+ kTuh +B,C7+ Cep?) | (5.1.22)




We define now the generating functional of connected Green'’s functions as the
logarithm of the functional (5.1.13),

WTw, B, 8% Kuvi Lol = =i INZ[TyWw, B, B7 K, Ls]. (5.1.23)

and make use of the couplings to the external fields K,, and L, to rewrite (5.1.22) in
terms of W

B 2A-1p 2B, _OW  _
KT/JV 5K ﬁG 5L +K A ﬁ D FT,uv 6T‘uv - O (5 1 24)
Similarly, we get the ghost equation of motion'
—l T T _
Fiv SK,W +p7 = (5.1.25)

5.1.2. Proper vertices

A Legendre transformation takes us from the generating functional of connected
Green’s functions (2.2.23) to the generating functional of proper vertices. First, we define
the expectation values of the gravitational, ghost, and antighost fields in the presence of
the sources T,,,8,, and 7 and the external fields K,w and L,

viyy — _ OW o

(@) W00 = 5 (0) C700) = 5ﬁ g © T = 520

We have chosen to denote the expectation values of the fields by the same symbols
which were used for the fields in the effective action (5.1.14).

The Legendre transformation can now be performed, giving us the generating
functional of proper vertices as a functional of the new variables (5.1.26) and the
external fields K,, and L,

TThw,C% Cr, Kus Lol = W[T, B, B7 Ky Lo] —kTwh® = B_C° —C.p7.  (5.1.27)

In this equation, the quantities T,,, B, and 7 are given implicitly in terms of
h#,C°,C,;,K,, and L, by Eq.(5.1. 26) The relations dual to (5.1.26) are

(5.1.26)

_ ___&T
5h“V(X) ( )ﬁ ( ) 5Cg(x) ( )ﬂ ( ) SCT(X) . (5 1 28)

Since the external fields K,, and L, do not participate in the Legendre transformation
(5.1.26), for them we have the relations

(@) L = _OW ) oF oW (5.1.29)

SKuw(X)  0Kuw(X)'’ oLs(X) N oLe(X)

Finally, the Slavnov identity for the generating functional of proper vertices is obtained
by transcribing (5.1.24) using the relations (5.1.26), (5.1.28), and (5.1.29)

(@) kT (X) = -

of oF | oF oF |, sparpp pw ol _
5K, o * oL, oce T AT Fwl5es = 0. (5.1.30)
We also have the ghost equation of motion,
—l T Sf 5'1:1 _
KPSk, e O (5.1.31)

Since Eq. (5.1.30) has exactly the same form as (5.1.15), we follow the example set by
(5.1.16) and define a reduced generating functional of the proper vertices,

=T+ 4c2A 1(F h“V>IZ|2<FT heo). (5.1.32)



Substituting this into (5.1.30) and (5.1.31), the Slavnov identity becomes

5T T . 8T sT _
3K, shw T oL, oce - O (5.1.33)

and the ghost equation of motion becomes

—1_)1,' 5F _ 5F —
e~ =0 (5.1.34)

Equations (5.1.33) and (5.1.34) are of exactly the same form as (5.5) and (5.6). This is
as it should be, since at the zero-loop order

ro -y, (5.1.35)

5.1.3. Structure of the divergences and renormalization

equation.

The Slavnov identity (5.1.33) is quadratic in the functional I". This nonlinearity is
reflected in the fact that the renormalization of the effective action generally also
involves the renormalization of the BRS transformations which must leave the effective
action invariant.

The canonical approach uses the Slavnov identity for the generating functional of
proper vertices to derive a linear equation for the divergent parts of the proper vertices.
This equation is then solved to display the structure of the divergences. From this
structure, it can be seen how to renormalize the effective action so that it remains
invariant under a renormalized set of BRS transformations [13].

Suppose that we have successfully renormalized the reduced effective action up to
n— 1 loop order; that is, suppose we have constructed a quantum extension of £ which
satisfies Egs. (5.1.17) and (5.1.18) exactly, and which leads to finite proper vertices
when calculated up to order n— 1. We will denote this renormalized quantity by ™1, In
general, it contains terms of many different orders in the loop expansion, including
orders greater than n— 1. The n— 1 loop part of the reduced generating functional of
proper vertices will be denoted by '™,

When we proceed to calculate I'™, we find that it contains divergences. Some of
these come from n-loop Feynman integrals. Since all the subintegrals of an n-loop
Feynman integral contain less than w loops, they are finite by assumption. Therefore,
the divergences which arise from w-loop Feynman integrals come only from the overall
divergences of the integrals, so the corresponding parts of I'™ are local in structure. In
the dimensional regularization procedure, these divergences are of order e = (d—4) 7,
where d is the dimensionality of spacetime in the Feynman integrals.

There may also be divergent parts of '™ which do not arise from loop integrals, and
which contain higher-order poles in the regulating parameter €. Such divergences comes
from n-loop order parts of (™Y which are necessary to ensure that (5.1.17) is satisfied.
Consequently, they too have a local structure. We may separate the divergent and finite
parts of I'™:

r® = 1)+ I (5.1.36)

If we insert this breakup into Eq. (5.1.20), and keep only the terms of the equation which
are of n-loop order, we get



0TGw or© | 67O 8Ty . oTgy 6T® , sT©® TGy _
K, o oK, Shw T 3L, eCo T oL, eCT
(5.1.37)

Sy 0T fine Lfinte . O finte e
-0 5KW shw oL, oC° |

Since each term on the right-hand side of (5.1.37) remains finite as € - 0, while each
term on the left-hand side contains a factor with at least a simple pole in e, each side of
the equation must vanish separately. Remembering the Eq.(5.1.35), we can write the
following equation, called the renormalization equation:

RC{ =0, (5.1.38)
where

R S B B R B N
R = B 3K,y T 5C7 BL, T 3K,y ohw * oL, 3C7 (5.1.39)

Similarly by collecting the n-loop order divergences in the ghost equation of motion
(5.1.34) we get

= OTG  Org)
k- 1F* div. _ Y~ div _

Fivse — 5K 5C. 0. (5.1.40)
In order to construct local solutions to Egs. (5.1.38) and (5.1.40) remind that the operator

R defined in (5.1.39) is nilpotent [13]:

N2 =0. (5.1.41)
Equation (5.1.41) gives us the local solutions to Eq.(5.1.38) of the form
Ft(jr:\)/ - s(h,uv) + s}{[X(h,uv CG Cty K,uw I—o)], (5 1. 42)

where 3 is an arbitrary gauge-invariant local functional of h*V and its derivatives, and X is
an arbitrary local functional of h*",C,,C,,K,, and L° and their derivatives. In order to
satisfy the ghost equation of motion (5.1.40) we require that

Ty = T (7, C% Ky = k71T Lo ). (5.1.43)

5.1.4. Ghost number and power counting

Structure of the effective action (5.1.14) shows that we may define the following
conserved quantity, called ghost number [13]:

Nghost[h'uv] = O, Nghost[Cc] = +1, Nghost[Cr] = —11

(5.1.44)
Nghost[Kuv] = =1, Nghost[Lo] = 2.
From Eqs.(2.2.44) follows that
Nghost[Z] = Nghost[I'] = O. (5.1.45)
Since
Nghost[R] = +1, (5.1.46)
we require of the functional X(-) that
Nghost[X] = —1. (5.1.47)

In order to complete analysis of the structure of I'{", we must supplement the symmetry

equations (5.1.42), (5.1.43), and (5.1.47) with the constraints on the divergences which



arise from power counting. Accordingly, we introduce the following notations:

Ne = number of graviton vertices with two derivatives,

Ne = number of antighost-graviton-ghost vertices,

Nk = number of K-graviton-ghost vertices,

n_ = number of L-ghost-ghost vertices,

I = number of internal-ghost propagators,

Ec=number of external ghosts,

Ez=number of external antighosts.

Since graviton propagators behave like p™, and ghost propagators like p2, we are led
by standard power counting to the degree of divergence of an arbitrary diagram,

D=4-2ng+2lg-2nc - 3n. — 3nk — Eg¢. (5.1.48)

The last term in (5.1.48) arises because each external antighost line carries with it a
factor of external momentum. We can make use of the topological relation

2|G—2n(3 = 2n|_+nK—Ec—EC (5149)

(b)
Ki -« B ¢

(c)

Fig.5.1.2.The three types of divergent diagram
which involve external ghost lines. Arbitrarily

many gravitons may emerge from each of the

central regions,(a) Ghost action type,(b) K type,

(c) L type.

to write the degree of divergence as

D= 4—2nE—nL—2nK—Ec—2E(—;. (5150)
Together with conservation of ghost number,Eqg. (5.1.50) enables us to catalog three
different types of divergent structures involving ghosts. These are illustrated in Fig.5.1.2.
Each of the three types has degree of divergence D = 1 — 2ng. Consequently, all the
divergences which involve ghosts have ng = 0.Since the degree of divergence is then
1,the associated divergent structures in Ffﬂ\), have an extra derivative appearing on one
of the fields. Diagrams whose external lines are all gravitons have degree of divergence
D = 4 - 2ng. Combining (5.1.50) with (5.1.47), (5.2.43), and (5.1.42), we can finally write

the most general expression for 'y} which satisfies all the constraints of symmetries and
power counting:

T = 3(0) + R[ (K — c1CF5, )P () + LQe(h*)Cr ], (5.1.51)

where P#(h*f) and Q¢(h*#) are arbitrary Lorentz-covariant functions of the gravitational



field h#, but not of its derivatives, at a single spacetime point. 3(h#") is a local
gauge-invariant functional of h#V containing terms with four, two, and zero
derivatives.Expanding (5.1.51), we obtain an array of possible divergent structures:

I po
) = 3w + Oleym (kKo — CeFpo ) ( 8Dg Ca)p,uv _

Shev Shev
(kKo ~ CeF 5 ) 222D C — (kK — T, ) D (QICE) — k2Lo05(QICT)CP  (5.1.52)
po ™ po (Sh'uv a uv (AN o € oUp T ]
2L ,05C7QECT — kL, gr?u C'DIC* + k2L,Q29,C*CF.

The breakup between the gauge-invariant divergences S and the rest of (5.1.52) is
determined only up to a term of the form [13]

5l
4 v v sym
j dX(n + khi) 2 (5.1.53)

which can be generated by adding to P#" a term proportional to n*" + kh*” = /gg*.The

profusion of divergences allowed by (5.1.52) appears to make the task of renormalizing
the effective action rather complicated. Although the many divergent structures do pose
a considerable nuisance for practical calculations, the situation is still reminiscent in
principle of the renormalization of Yang-Mills theories. There, the non-gauge-invariant
divergences may be eliminated by a number of field renormalizations. We shall find the
same to be true here, but because the gravitational field h#V carries no weight in the
power counting, there is nothing to prevent the field renormalizations from being
nonlinear, or from mixing the gravitational and ghost fields. The corresponding
renormalizations procedure considered in [13].

Remark 5.1.2.We assume now that:

(i) The local Poincaré group of momentum space is deformed at some fundamental

high-energy cutoff A, [9],[10].

(i) The canonical quadratic invariant ||p||? = n?paps collapses at high-energy cutoff A,

and being replaced by the non-quadratic invariant:

2 __ 1°"Papo
Ipll* = IR (5.1.54)

(iii) The canonical concept of Minkowski space-time collapses at a small distances

lr, = A3! to fractal space-time with Hausdorff-Colombeau negative dimension and

therefore the canonical Lebesgue measure d*x being replaced by the
Colombeau-Stieltjes

measure (see section Ill)

(dn(x,€)), = (Ve(s(x))d*x),, (5.1.55)
where

(Ve(s00)), = ), = (0P +6) ™)
s(x) = /X, x*,D” < 0,

(5.1.56)

see subsection IV.2.

(iv) The canonical concept of local momentum space collapses at fundamental high-
energy cutoff A, to fractal momentum space with Hausdorff-Colombeau negative
dimension and therefore the canonical Lebesgue measure d3k,where k =(k, ky,k;) being



replaced by the Hausdorff-Colombeau measure

A(D™)dP'k _ A(D*)A(D™)pP dp
(k[P +&) (PP +¢),

see subsection 3.3-3.4. Note that the integral over measure d°"P k is given by formula
(3.3.16).

Remark 5.1.3.Note that by assumption (iif) mentioned above, the generic expression
(2.2.1) of the action becomes to the following form

(o), = —( [ v, 7 (@R — BRO + 26?R) )

PPk 2

, (5.1.57)

(5.1.58)
- —j dX(Ve (X)), =T (@R, RY — BR2 + 22R)
Corresponding Green’s functions are then given by a generating functional
(Ze(Tw)), =N _ dh* |[dC?][dC.]67(F7)
I [H‘” } (5.1.59)

oxp i ((syrle)), + [((v6(0), ) AHTF1, DA C + 1 [(ve(0), AT b ) ].

Remark 5.1.4.(1)The renormalizable models which we have considered in this section
many years regarded only as constructs for a study of the ultraviolet problem of
guantum gravity. The difficulties with unitarity appear to preclude their direct acceptability
as canonical physical theories in locally Minkowski space-time. In canonical case they do
have only some promise as phenomenological models.

(I) However, for their unphysical behavior may be restricted to arbitrarily large energy
scales A. mentioned above by an appropriate limitation on the renormalized masses m;
and mp. Actually, it is only the massive spin-two excitations of the field which give the
trouble with unitarity and thus require a very large mass. The limit on the mass mg is
determined only by the observational constraints on the static field.

5.2.Cleaner methods

The renormalization procedure described in the last section is sufficiently complicated
to make practical calculations unappealing. We now turn to other choices of the
gauge-fixing term which greatly simplify matters by eliminating the need for the field and
transformation renormalizations.

A. Unweighted gauge condition

Explicit calculations of samples of the nongauge-invariant divergences allowed by
(6.17) reveal that they depend upon the gauge-fixing parameter A which was introduced
into the effective action by the weighting functional (3.6). This suggests that if we take
the limit A - 0, all the field and transformation renormalizations may disappear. This
limit as A - O returns us to the unweighted gauge condition

o,h = 0 (5.2.1)

with the same Feynman rules as those obtained using the simple Gaussian
representation (3.4) of the gauge-fixing o-function.The graviton propagator in the limit
A —» 0 maybe calculated as suggested above, setting A = 0 in the propagator calculated
for finite A (cf. sec.6.4), or by substituting the gauge condition (8.1) into the linearized
classical field equations and then inverting. The resulting propagator is constructed
entirely from projectors which are transverse in all their indices:



&) p(0-s)
o = oo s - T ) 522
2r)%i \ K(ax?k?+y)  K[(3B—a)lk?k?* + Sy

The definitions of the projectors P® and P are given in sec.6.4.The
antighost-graviton- ghost interaction is

Vene = 86Ca@,n?°C? + 0,C,0,h?°C? + 62,C,hroCe, (5.2.3)

The first two terms in this expression contain the gauge condition (5.2.1), and
consequently do not connect to the graviton propagator (5.2.2). Similarly, integration by
parts in the remaining term can be used to move the derivatives onto the ghost field C*.
When these derivatives fall on h?° they form the gauge condition (5.2.1) again,so we
have effectively

Vene ® 02C,0,h7°C* =~ C,0,h??62C*, (5.2.49)

The symbol ~ is used to indicate that terms containing d,h?® hpo or 3,h*° have been
dropped, since they do not connect to the graviton propagator.

The power-counting rule given in Sec. 5.1 must be modified as a results of (5.2.4). In
one-particle-irreducible (1PI) diagrams, there is a separate vertex Vg, for each external
ghost and antighost line. Consequently, each of these lines carries with it two factors of
external momentum. The resulting degree of divergence of an arbitrary 1P| diagram is

D&y, = 4—2ne — ni — 2ng — 3Ec — 3Ec. (5.2.5)

This result would hold even if we had not chosen (2.2) as our definition of the
gravitational field variable. However, the simple relation (5.2.4) is dependent upon that
choice, which accords with the harmonic gauge condition (5.2.1). Otherwise there would
be a complicated cancellation between vertices.

From the power-counting rule (5.2.5), we see that each of the three types of diagrams
shown in Fig. 5.1.2 is now convergent: The ghost action type has D{{',, = -2 — 2ng, the
K type has D{{'y, = -1 - 2ne and the L type has D{{';, = -3 — 2ne Therefore, there are no

parts of T'{y_o, Which depend upon ghosts:
ST (A = 0) “‘><A 0 ()9 &'.‘3<A 0)

d|v d|v
(a) 5Co =0, (b) (5.2.6)
Insertion of Egs. (6.2.6) into the renormalization Eq. (5.2.3) yields
o (=0 (5.2.7)

oK. oh®

Together with (6.2.6a), this implies that F&?&(A = 0) is gauge invariant. All the
divergences may therefore be eliminated by renormalizations of the parameters a,  and
y in Isymand by the addition of a cosmological counterterm. The field variables and the
BRS transformations do not need to be renormalized.The contrast between the
complicated renormalization procedure which one must use when the quantum theory is
defined with the gauge -fixing term (3.7) and the much simpler procedure for the
unweighted gauge condition is reminiscent of the situation in the axial gauge in
Yang-Mills theory. There, the ghosts decouple entirely from the Yang-Mills fields if one
uses the unweighted axial gauge condition. However, if one smears the axial gauge with
a weighting functional, the resulting propagator does connect to the ghosts, and then
there arise non-gauge-invariant divergences. These Yang-Mills divergences are similar



to those we would have obtained in the gravitational theory had we kept the
two-derivative gauge-fixing term derived from (3.5). In both cases, the part of the
propagator which depends upon the gauge-fixing parameter has a bad asymptotic
behavior for large momenta, leading to nongauge-invariant divergences of progressively
higher order as the calculation proceeds in perturbation theory.

Taking the limit A — 0 is necessary for the axial gauge quantization of Yang-Mills
theory to avoid these artifactual divergences. However, this limit is less useful in other
gauges: Although one obtains an improvement in the power counting just as we have
found for gravitation, the improvement is not sufficient to eliminate all the
nongauge-invariant divergences, and one must still renormalize the Yang-Mills gauge
transformation. Thus, although taking the limit A — 0 is perfectly acceptable in
Yang-Mills theory, it is generally of no particular advantage, and has not been much
used in the literature.

B. Third-derivative gauge

Since we are dealing with theories in which the classical field equations involve fourth
derivatives, the Cauchy data which must be initially specified to determine the classical
evolution of the field include the values of the field and up to its third derivatives on some
spacelike hyper surface. Accordingly, we should also be prepared to use

gauge conditions which involve up to third derivatives. A gauge condition of this type
which has the same structure as the harmonic gauge condition (5.2.1) is

K 2020,h* = 0. (5.2.8)

If we weight the gauge condition (6.2.8) with the Gaussian functional (3.5), we get the
gauge-fixing term

LiA-L(28,hev ) ([328,h2). (5.2.9)

Another way to arrive at (5.2.9) is to start from the usual harmonic gauge condition
(5.2.1) and to weight it with the functional

wo(er) = exp[i (%K“A—l j(DZeT)(DZeT)) } (5.2.10)

When we obtain (5.2.9) this second way, it is clear that the ghost action which we
must use is exactly the same that we had before in the generating functional (3,2). This
also follows from the first method of arriving at (5.2.9), because we may always redefine
the antighost field: (1°C, - C..

The gauge-fixing term (5.2.9) requires us to change the BRS transformation of the
antighost field C,. The new transformation is

5(6)BRS(_:r = KSA_lDZD2F75l. (5 2. 11)

The Slavnov identities for the generating functionals of Green’s functions and of
proper vertices must be changed too, but the identity for the reduced generating
functional of proper vertices,

Te =@ - LKA (2R b)) (O%F5,hre) (5.2.12)

remains the same as (5.20). Consequently, the renormalization equation is the same as
(6.3).The Feynman rules which we obtain using (5.2.9) differ from those obtained using
(3.7) only in the replacement of the factors of Ax=2k~ in the graviton propagator by
Ax~*k®. This change brings about a reduction in the degree of divergence of those parts
of diagrams which depend on the parameter A. The degree of divergence is reduced by



2 for each factor of A, so that once again all three types of diagram involving ghosts
shown in Fig. 6.1.2 are convergent. The renormalization equation then implies that all

the divergences in rgggdw are gauge invariant.

5.3.Coupling to fields of standard matter and to fields of

physical ghost matter.

Now that we know how to carry out the renormalization procedure for a purely
gravitational model, it is straightforward to include coupling to other renormalizable
fields. As an example, we discuss a massive scalar field in interaction with the
gravitational field alone, adding to the action (5.1.1) the additional term

L, = jd4x(—%a,,<pavgw - %qu)z) /g (5.3.1)
The BRS transformations must now include a transport term for the scalar field,
Srap = —k20,0CHSA. (5.3.2)
This transformation is nilpotent:
0Brd0,pCH) = 0. (5.3.3)

In order to write the Slavnov identities, we make use of (5.3.3) by adding a term
coupling the scalar and ghost fields to a new anticommuting external field B(x):

T = Isym+ 1y + (kKy — CoF,,, ) DE'CY + 12L40,CoCP - k2B, pCH. (5.3.4)

In the generating functional of Green'’s functions, the scalar field is coupled to a
source J(X); the Legendre transformation then trades this dependence on J(x) for a
dependence on ¢(x) = SWI6J(X) in the generating functional of proper vertices. The
Slavnov identity for the reduced generating functional of proper vertices reads

o'y oL, N ol', or, N o’y ol
oB ¢ = 6K, oh* ~ oL, 6C°
As before, this identity leads to the renormalization equation for Fg‘giv.Power counting,

using the unweighted gauge condition, gives the degree of divergence of an arbitrary 1PI
diagram,

- 0. (5.3.5)

DIP'(A = 0) = 4-2ng — n. — 2nk — ng — 3Ec — 3E¢ — 2Es, (5.3.6)

where ng is the number of B-scalar-ghost vertices and Es is the number of external

scalar lines. The external scalar lines are counted twice in (5.3.6) because of the linkage
of scalar fields and derivatives in the interaction between scalars and gravitons (the
mass term is super-renormalizable and is not included in the power counting). This
linkage is similar to the linkage of ghosts and derivatives which we have already
encountered.The power- counting rule (5.3.6), together with the conservation of ghost
number, shows that all 1PI diagrams with external ghost lines are convergent, so that

62<p 5F<(pn3iv n 52(0 5F<(pn3iv -0

oB o oK, ohw
Consequently,l“;”giv IS gauge invariant. The only gauge-invariant structures consistent
with (5.3.6) are

(5.3.7)



[y = a® [RuRe 7g —p® [R2 79 + 702 [Ry7g - 20k [ g

5.3.8
+2t ™ [5,00,9" 75 + 2(6m) ™ [ 92 /g &9

These divergences may be eliminated by renormalizations of the appropriate
coefficients in Isymand 1, and by the addition of a cosmological counterterm. It should
be noted that the absense of a term like quﬁ/Tg in (6.3.8) is due to the linkage of

scalars and derivatives. If this linkage were broken by the inclusion in (6.3.1) of a scalar
self-interaction jgo“ /=0, then it would be nec-essary to include as well the nonminimal

gravitational-scalar interaction.

The scalar field example shows that once renormalizability has been established for a
purely gravitational model, the inclusion of couplings to other renormalizable fields poses
no further problems (except possibly the necessity for a nonminimal gravitational-scalar
interaction). In particular, the Faddeev-Popov ghost machinery remains unrenormalized
just as it did in the purely gravitational case.The allowed divergences may be
summarized by assigning a power-counting weight to each field, and then requiring that
divergent structures be gauge invariant and of power-counting weight four or less. It is
necessary to take into account any linkages of fields and derivatives in the interactions
by augmenting the weight of a field by the number of derivatives linked to it. The weight
of the gravitational field is zero, and before linkages with derivatives are taken into
account, the weights of other fields are simply given by their canonical dimensions.

5.4.The graviton propagator.

The inversion of the gravitational kinetic matrix which is necessary to calculate the
graviton propagator involves a substantial amount of Lorentz algebra on symmetric
rank-two tensors. To organize the calculation, it is convenient to use a set of orthogonal
projectors in momentum space. We choose a set of projectors which emphasises
transversality,16 since this is important in Sec. 5.3.These projectors are constructed
using the transverse and longitudinal projectors for vector quantities,

@ O = N — %,(b) Ou = k‘lilz(v : (5.4.1)
The four projectors for symmetric rank-two tensors then reads
(8) Pfihe = 201000 +0,0000) = $0,00,0,

(B) Plbhe = 3 (0up0v0 + 0,000 + 01p0, + 0,60,), (5.4.2)
©PLD — 190, (d) P = 00,0,

3

For a massive tensor field in the rest frame, the projectors (5.2.2.a)-(5.2.2.d) select
out the spin-two, spin-one, and two spin-zero parts of the field.However, the projectors
(5.2.2) do not span the operator space of the gravitational field equations. In order to
have a complete basis, we must also include the two spin-zero transfer operators,

0-sw 0—sw
(a) P;gvpa ) = %vawmy,(b) P;gvpa ) = %wpvgpc (5 4. 3)

The orthogonality relations of the projectors (5.2.2) and the transfer operators (5.2.3) are



(a) P-OPU-b) = §i5abpi-b) (p) pl-abpl-cd) — §igbecpl-a),

(c) pli-a)p(-bo) — 5ij5abp(j—ac)’(d) pl-abpi-c) — i gocpli-ac) (5' 4.4)

where i and j run from 0 to 2, and a and b take on the values w and s.In order to calculate
the graviton propagator, we must first write out the part of the effective action (5.1.14)
which is purely quadratic in the gravitational field h#*. Going over to momentum space
and using (5.2.2) and (5.2.3), we get

L [ it (4 (~(@rc + 7 )P Fpa () + A KK PLho (K) +
{3K2[ (3 — a)k2K2 + Ty ] + 24 kK4 F PP (K) + (5.4.5)
k2[ (38— a)x2K? + 3y ]{Pitma (k) — VB[ Plipe’ (k) + Plip’ (k) ] } ) ho (k).

The combination of parameters (3 — «) which occurs throughout this expression is an
echo of the conformally invariant action
[ d*x /=0 (RuwR™ — U3R?) = 1/2[ d*x /=g C,uapC*"*# where Cyuqp is the Weyl tensor. The
orthogonality relations (5.4.4) may now be used in inverting the kinetic matrix shown in
(5.4.5) to obtain the graviton propagator:

D oo (K) = —L 2Pfipo(K) 2P0 (K) _ 2APDe(K)
T @ kz(axzkzw) kz([sﬁ—a]xzw%y) k2K (5.4.6)
(P20 - VB[P0 + PP ]« PEY0)
k2k*

To determine the propagator (5.4.6) completely, we must specify how the ko
integration contour is to skirt the poles in calculating Feynman integrals. We do this in
the customary way by including ie terms in the denominators of the individual poles,
which must first be obtained by separating (5.4.6) into partial fractions. Ignoring for the
moment the terms proportional to A, we find

D uvpo (k) = 1

et
[Pl (0 -2PERM0 ] 2PEeto | P9 | (5.4.7)
rk? y(kzw[mcz] - 7(k2+7[21<2(3ﬁ—a)]‘1)

Normally, one requires that quantum states have positive-definite norm and energy.
Such states give rise to poles in the propagator with positive residues. Since both the
massless pole and the pole at k? = —y[2«?(3p - a)]tin (5.4.7) do have positive
residues, we shift them in the standard fashion, replacing the denominators respectively
by

(k? —i€) (5.4.8)
and by
{K2+y[2(3B - a)x2] ™ —ic}. (5.4.9)

On the other hand, the negative residue of the massive spin-two pole at k? = —y[ax]™
faces us with a choice between two unfortunate alternatives: to give up either the
positive definiteness of the norm or of the energy of the corresponding quantum states.



Both choices give the required negative residue, but they differ in the way the pole must
be shifted.If the massive spin-two states are taken to have negative norm, the situation
is analogous to a Pauli-Villars regularized theory. We recall that in the usual derivation of
the propagator, one starts from (O[T[h,,(x)h,-(x')]|0), transforms to momentum space,
and sums over a complete set of momentum eigenstates inserted between the two field
operators. The only difference in the present case is that the negative-norm states must
be accompanied by a vector space metric factor of (-1) in the sum over states. This
gives rise to a negative residue for the massive spin-two pole, but does not affect the
location of the pole, whose denominator is consequently given by

(K2 +ylax]™ —i€). (5.4.10)

As the Pauli-Villars analogy leads us to expect, the choice (5.4.10), together with
(5.4.8) and (5.4.9), gives a high-energy behavior of the total propagator which is like k.
To see this, one may, for example, perform a Wick rotation into Euclidean space and
then drop the re terms. This is allowedbecause (5.4.10), (5.4.8), and (5.4.9) all shift the
poles in the same way. If the massive spin-two states are taken to have negative energy,
the pole in the propagator acquires a negative residue for a different reason.In this case,
there are no vector space metric factors in the sum over states, but the expansion of the
field operators into creation and annihilation operators involves normalization factors
(2)ko]) Y2 = (-2ko)~¥2. These contribute an overall minus sign to the massive spin-two
part of the propagator. In addition, the sign of the energy flow for a given time ordering is
opposite to that for a positive-energy field, so the denominator of the pole is now given
by

(K2 +ylax]™ +ie€). (5.4.11)

The difference between the poles given by (5.4.10) and (5.4.11) is a term proportional

to 5(k?+y[ax]™). While the choice of (5.4.10) leads to the desired behavior, this

additional term effectively spoils the high-energy behavior of (5.4.11). Thus, our
power-counting requirements lead us to adopt an indefinite-metric state vector space,
following the analogy to Pauli-Villars regularization.The pure k* terms in (5.4.6),
proportional to A, may be handled by confluence, replacing them by

¢ (K2 —ie)™ — (K +¢ —ie)™ ], and then letting ¢ — 0 at the end of the calculation.

6. Hausdorff-Colombeau measure and associated
negative Hausdorff-Colombeau dimensions.

6.1.Fractional Integration in negative dimensions.

Let uP" be a Hausdorff measure [33-34] and X < R",D* < nis measurable set. Let
S(x) be a function s : X - R such that is symmetric with respect to some centre
Xo € X,i.e. s(X) = constant for all x satisfying d(x,xo) = r for arbitrary values of r. Then the

integral in respect to Hausdorff measure over n-dimensional metric space X is then
given by [33]:

v P2 D*-1
jxs(x)dyH - 25y jo S(r)ro*idr. (6.1.1)

The integral in RHS of the Eq.(3.1.1) is known in the theory of the Weyl fractional
calculus where, the Weyl fractional integral WPf(x),is given by



WP f(x) = [ :(t ~ )P (t)dt. (6.1.2)

1
r(bd+)
Remark 6.1.1. In order to extend the Weyl fractional integral (6.1.1) in negative
dimensions we apply the Colombeau generalized functions [21-25] and Colombeau
generalized numbers [23].Recall that Colombeau algebras G(Q2) of the Colombeau
generalized functions defined as follows [21-22].

Let Q be an open subset of R". Throughout this paper, for elements of the space
C* () of sequences of smooth functions indexed by ¢ € (0,1] we shall use the
canonical notation (u,), so u; € C*(Q2), ¢ € (0,1].

Definition 6.1.1.We set G(Q) = Eu(Q)/N(Q), where

Em(Q) = {(ue)‘g e C*(Q)OY |‘v’K cc Q,Va € N'3p € N with
SUPsek|U: ()| = O(eP) as & > OF,
MQ) = {(u,), € C*(Q) Y |VK cc Q,Va € N"Vg € N
SUpsek U (X)| = O(g?) as & - 0}.

(6.1.3)

Notice that G(Q) is a differential algebra.Equivalence classes of sequences (u,), will
be denoted by cl[(u.),].is a differential algebra containing D'(Q2) as a linear subspace
and C*(Q) as subalgebra.

Definition 6.1.2. Weyl fractional integral (W"S“f(x))‘S in negative dimensions D~ < 0,

D~ +#0,-1,...,-n,...,n € Nis given by

WO'100 = b )(j t-x)° lf(t)dt)

or (6.1.4)
WE100), = 7y ( [ f(t)dt) ,

where ¢ € (0,1] and f:;|f(t)dt| < . Note that (WP f(x)), € G(R).Thus in order to obtain

apropriate extension of the Weyl fractional integral WP"f(x) on the negative dimensions
D~ < 0 the notion of the Colombeau generalized functions is essentially importent.
Remark 6.1.2.Thus in negative dimensions from Eq.(6.1.1) we formally obtain

o\ _ 2zP72 (> S(r) ) _ /D=
Gx S(X)dHHC’S)g - I(D/2) (Io s - CE (6:-15)
where ¢ € (0,1]and D~ # 0,-2,...,-2n,...,n € N and where (uﬁ{:,e)‘g is apropriate

generalized Colombeau outer measure.Namely Hausdorff-Colombeau outer measure.
Remark 6.1.3. Note that: if 5(0) # 0 the quantity (12”7 takes infinite large value in
sense of Colombeau generalized numbers i.e., (I?"°7) =~ &, see Definition 3.3.2 and
Definition 3.3.3.
Remark 6.1.4.We apply throught this paper more general definition then definition
(6.1.2):

p*D—\ _  4gP2gP712 = rPg(r) D*D_
(J-x S(X)dupc, )E = T 202 (Io o P11 dr)] =(7"),, (6.1.6)
where ¢ € (0,1] and D* > 1, D~ # 0,-2,...,-2n,...,n € Nand Where (uicy ), is
apropriate generalized Colombeau outer measure.Namely Hausdorff-Colombeau outer



measure. In subsection 3.3 we pointed out that there exist Colombeau generalized
measure (dupc; ), and therefore Eq.(6.1.4) gives apropriate extension of the

Eq.(6.1.1) on the negative Hausdorff-Colombeau dimensions.

6.2.Hausdorff measure and associated positive Hausdorff
dimension.Colombeau-Feynman path integral in D* = 4

from dimensional regularization.

Recall that the classical Hausdorff measure [33],[22] originate in Caratheodory’s
construction, which is defined as follows: for each metric space X, each set F = {E;};_,
of subsets E; of X, and each positive function {*(E), such that 0 < {*(E;) < o« whenever
Ei € F, a preliminary measure ¢}(E) can be constructed correspondingto 0 < 6 < +x,
and then a final measure u*(E), as follows: for every subset E c X, the preliminary
measure ¢} (E) is defined by

¢5(E) =<Ei.r;f {ZieN ¢*(BE)E < |, Ei diamE) < 6}. (6.2.1)

Since ¢§,(E) > ¢5,(E) for 0 < 61 < 82 < 4+, the limit
p*(E) = lim ¢5(E) = sup ¢5(E) (6.2.2)

0-0; 5>0

exists for all E < X.In this context, u*(E) can be called the result of Caratheodory’s
construction from {*(E) on F. ¢3(E) can be referred to as the size § approximating
positive measure. Let {*(E;,d") be for example

C*(Ei,d%) = ©(d")[diam(E;)]¥,0 < O(d*), (6.2.3)
for non-empty subsets E;,i € N of X. Where ©(d*) is some geometrical factor,depends
on the geometry of the sets E;, used for covering. When F is the set of all non-empty

subsets of X, the resulting measure u;,(E,d") is called the d*-dimensional Hausdorff
measure over X; in particular, when F is the set of all (closed or open) balls in X,

a(d*) £ Q(d*) = n%(z—d*)r(u %) (6.2.4)

Consider a measurable metric space (X, un(d)),X € R",d € (-o0,+x). The elements of
X are denoted by x,y,z,..., and represented by n-tuples of real numbers
X = (X1,X2,...,%Xn)

The metric d(x,y) is a function d : X x X - R, is defined in n dimensions by

d(x,y) = 32, [85 (v = x)(y; = x)] " (6.2.5)
and the diameter of a subset E — X is defined by
diam(E) = sup{d(x,y)Ix,y € E}. (6.2.6)

Definition 6.2.1. The Hausdorff measure uf,(E,D*) of a subset E — X with the
associated Hausdorff positive dimension D* € R, is defined by canonical way

114 (E,D*) =lim [ inf {3._.¢*(Ei,DN)E < |, Ei, Vi(diam(E) < 6)} J
6-0 {Eitien

(6.2.7)

D*(E) = sup{d* € R.Jd* > 0, (E,d*) = +o0}.



Definition 6.2.2. Remind that a function f : X - R defined in a measurable space
(X,Z,n),is called a simple function if there is a finite disjoint set of sets {E;,,...,En} Of
measurable sets and a finite set {a1,,...,an} Of real numbers such that f(x) = a; if x € E;
and f(x) = 0if x ¢ E;.Thus f(x) = Z. L aixe (X),where yg (x) is the characteristic
function of E;. A simple function f on a measurable space (X, Z, u) is integrable if
u(Ei) < oo for every index i for which a; # 0. The Lebesgue-Stieltjes integral of f is
defined by

jfdu = 3" aiuE). (6.2.8)

A continuous function is a function for which lim,.y f(x) = f(y) whenever lim,.,d(x,y) = 0

The Lebesgue-Stieltjes integral over continuous functions can be defined as the limit
of infinitesimal covering diameter: when {E;},_ is a disjoined covering and x; € E; by
definition (6.2.2) one obtains

[ f00dki(x,D*) =
(6.2.9)
[im |:ZUE1X f(xi) inf Zj §+(Eij,D+(Eij)):|.

diam(E; )-~0 {Ej} with U; EjE;

From now on, X is assumed metrically unbounded, i.e. for every x € Xand r > 0 there
exists a point y such that d(x,y) > r. The standard assumption that D* is uniquely
defined in all subsets E of X requires X to be regular (homogeneous, uniform) with
respect to the measure,i.e. uf(Br(x),D) = u;i;(B(y),D*) for all elements x,y € X and
(convex) balls B,(x) and B;(y) of the form B.o(X) = {Zd(X,2) < r;x,z € X}.In the limit
diam(E;) - 0, the infimum is satisfied by the requirement that the variation over all
coverings {Eij }ijen is replaced by one single covering E;, such that

Uj Eij - Ei  xi.Hence

[, 00t (%, D) = rlnl(rEn) > ey )¢ (Ei,DY). (6.2.10)

The range of integration X may be parametrised by polar coordinates with r = d(x,0)
and angle Q. {E:, o}, can be thought of as spherically symmetric covering around a
centre at the origin. In the limit, the function {*(E;o,D") defined by Eq.(3.2.7) is given by

duf,(x,D*) = lim  ¢*(Erq,D*) = dQP-1r0"-gr, (6.2.11)
diam(Er» )—~0

Let us assume now for simplification that f(x) = f(||x||) = f(r) and.lim f(r) = 0. The
r—o0

integral over a D*-dimensional metric space X is then given by
j 100k (%, D) = j f00d™ x = (2” 2 ) j f(r)ro"-dr. (6.2.12)
The integral defined in (6.2.12) satisfies the following conditions.
() Linearity:
j [811100 + 2af2(0]duis (%, D*) = s j 100k (6. D*) + a j f200duis( D). (6.2.13)
(ii) Translational invariance:

| f0c+ x0) i (%, D*) = | 1000 (x,D*) (6.2.14)



since duj;(X— Xo,D*) = duj;(x,D").
(i) Scaling property:

j f(@9di(x D) = ™ jx f(x)dufy (x, D*) (6.2.15)

since duj;(x/a,D*) = a® duj;(x,D*).

(iv) The generalised 6P (x) function:
The generalised 6P (x) function for sets with non-integer Hausdorff dimension
exists and can be defined by formula

j 008" (x~ Xo)duia(x, D) = f(xo). (6.2.16)

(v) The Fourier-Stieltjes transform is given by the following definition

o) = @0)® | < 000 exp(iko) i (k. D7),

(6.2.17)
900 = | 900 exp(-ikidui(x,D").
(vi) The following equality holds
J}( exp(ikx)dut;(k,D*) = (27)P"8°" (x). (6.2.18)

6.2.1.Colombeau-Feynman path integral in D* = 4 from
dimensional regularization via fractal spacetime.What is
wrong with dimensional regularization via fractal

spacetime.

In oreder to obtain Colombeau-Feynman path integral related to dimensional
regularization let us consider a free scalar field with action in Hausdorff dimensions
Df=D-¢,¢€(0,1],DeN:

(Soe), = —% (IX dufi(%,Dz) ¢:(X) P(D)qﬁg(x)) L (6.2.19)
where U.co1) Xe = RP,[(¢:(X)),] € G(RP) and P(+) is a polinomial.
Definition 6.2.3. Assume that (i) (¢.(x)), € G(R?) and
(ii) there exist Colombeau generalized function <‘7’5(k)>e e G(RR) such that
9.09), = (@00 [ duieDDpo ) -
Xe
¢ (6.2.20)

(@0)°), | (@uikD)), (3.00), &,
and
<<~b8(k)> e (J.Xg d‘l.lﬁ (x,D%) ¢8(X)e—ik-x) 8 _ J.[RQ (d,uﬁ (x,D?) )g((bg(X))se_ik'X. (6.2.21)

Then we will say that: (1) ((?Sg(k))g is Colombeau Fourier—Stieltjes transform of the

field
(¢:(x)), and abraviate



(3.00) = (FP(0),](K), (6.2.22)
(2) (9:(X)), is inverse Colombeau Fourier-Stieltjes transform of the field ((?bg(k))g and
abraviate
(#:(%), = (F[ (3:(0) 0. (6.2.23)
Definition 6.2.4. We will denote:
(i) the set of the Colombeau generalized functions <‘7’5(k)>g e G(RR) which is
Colombeau
Fourier—Stieltjes transform by (:FS)[Q()?S) } or by G&9 ()?)
(i) the set of the Colombeau generalized functions (¢.(x)), € G(R%) which is inverse
Colombeau-Fourier—Stieltjes transform by (FS) ™ [Gx(RP)] or GFS ™ (RR).
(i) Note that we assume that in both cases (i) and (ii) the Eqs.(6.2.20)-(6.2.21) are

satisfies.
Remark 6.2.1.Note that GF9(RP) x G¥9™(RD) is the linear topological subspace of
Colombeau algebra G(RP) x G(R?) 2 GFI(RP) x GFSO™(RD).
The free partition function (Zo.[J:]), in the presence of a local source
(J:(¥)), € GRY) is

(ZO,S[‘]E])S =
( [ o PG B iS04 | duﬁ(X,DZ)Je(X)qﬁe(X)]}) 2
(9:).€G(RY) Xg

&

(6.2.24)
[ g PO, J00{((S00), + [ e(dis(.D1)),0:00),(9:09),1} =
(¢:),€G (RX) Xe
J' L [D(e),] €0
($),€GTIT(RR)
From Eq.(6.2.16) we obtain
(], £:005% (x=xe)lus(x.D1) ) = (F(0)), (6.2.25)
From Eq.(6.2.18) we obtain
OA exp(ikx)dup(k,D;)) = ((2m)% 5P (%)) . (6.2.26)
Xe € ¢

From Eq.(6.2.24) and Egs.(6.2.22)-(6.2.23) and Eqs.(6.2.25)-(6.2.26) we obtain



(S), =
7 ), @i D), x

{I (dufy(ki,D})), (dufi(k1,DY)), ailkatho) X o
Re (2m)b: e (2m)P*

[-((3.0),) (), ((3.2) )
+(3:0)), (3.02) + Qek2) (3. k) T} =
Atk D), [/ 7
-3 ﬂH(zn)D; [-((0) @) ((0.0), )+ (62.27)
((A:4),) (3.0) + A.0),((3.%).) ]

_ ;IA (dun(-k D)),

(2m)P*
[—((@(—k»g)((f<—k2>>8)((55(k>>8) - (G k()f)( {Sfj 09).) J
@), = (5.0) ﬁ (f(-k3)), = (P(-K3) +ie),.
Thus Eq.(6.2.24) becomes
(Zos[3:1), =

{.[ *9;1 nD [D(‘ﬁs)g] X
(¢:),€G" 7¢ RR)
exp[—if Js (d“(”z(:)g Do ((3.40) ) (), ((F.00) )}} 9

(6.2.28)
g 1 [ (ubkDD), (A4 ) (Q:t) )
Pl 21 7 anm (f:(—k2)),
L @uickDy), (Qek) ) (C®),)
= Zo[0] eXp|:|§ '[Xg H(27r)D (F.(— k2))
Therefore the exponent in Eq.(6.2.28) can be written as
[ Do, (Qutk) ) (Ce®),) _
& (2m)b (f:(-k?),
(dufi(=k,DY)), 8
j . L (6.2.29)

(Qa0) ) (A:0),)
(f-(-k?)), !

so that, if (¢:(-K)), = (dg:(k)),, the free partition function reads

I o (@ui(x.Dz)),) J-X‘(d,uﬁ(y, D), )ek oy



(ZO,S [J] )g =
((Zo[0]),) x (6.2.30)

exp| & [, (@i D)), [, (s D), JAM(GX-y:e),)3w)), |
2%, e

where

1 dut (k. D* exp[lk N (X—Y)] 6.2.31
e | @ik D))= (6.2.31)
Thus, we have recovered the usual definition of the propagator as the solution of the
Green equation in Hausdorff dimensions D} = D — ¢,¢ € (0,1] in the sense of
Colombeau generalized functions

(PE)GX-y;¢)), = (8% (X-Y)),. (6.2.32)

Defining the perturbative quantum field theory in momentum space makes a derivation
of covariant Feynman rules in D-dimensional momentum space straightforward
[20].The only difference to conventional Feynman rules is the substitution of the
measure in the momentum integral

(2r)~*d% - (2r) P dufy(k,D}). (6.2.33)

For symmetric kernels, a representation of duf,(k,D*) in terms of spherical coordinates
is

(G(x-y,¢)), =

((2r) P duiy(k,Dy)) . = ((2r) P dQP2kPidK) | (6.2.34)

In the following the electron self-energy (X.),, the vacuum polarisation (I1;), and the
vertex correction A, for each ¢ € (0,1] are enumerated as a function of the Hausdorff
dimension D} = D — . The lowest-order contribution to the vacuum polarisation

_ _e2? d®:k i i
(we(@), =-€ (TI’ (27)P: (y“yk—m+ieyvyk—yq—m+ie)>g (6.2.35)

can be written in the following form

Mo (@) = (GuQy — F°Gur ) (T1e(A)),,
(Ie(a)), = a(24Pix P21 (2 — DE2)mPi*F (2 - D{/2,2,5/2; -g?/4m?))

ab z zrt H“—l @+o+i)

F(abcz)—1+——+ (n D Cii

(6.2.36)

The lowest-order contribution to the electron self-energy

(Z:(p)), = —ie? (j (g;)‘; ( L o yki_ —— yﬂ))g (6.2.37)
can be written in the following form
Ee(P), = (As), = (yP—mM)(B:), + (yP— M*(0:(p)),, (6.2.38)
where (A;),,(B;), € R and (0:(p)), € G(RF) are given by




(A:), = —3a(2ZPigPi2mPi3r(2 - D}/2)) ,
(B:), = —(A:) ,m™, (6.2.39)
(0:(p)), ~ —a(p? + m?)*(22Pix 121 (2 - D/2)) .

The lowest-order contribution to the vertex term (A, ),, with the photon momentum q and
two outgoing electron momenta p and p/, is given by

(Ae(q,pp)), =

5 dD;k —j i i v (6. 2. 40)
—€ ,[ D} 2 92 Vv —vk— —Yu r_ _ —7
(2r) ke —2A%+ie’ yp—yK—m+le’'" yp' —yk—m+ie .

can for q = p' — p, be written in the following form

(Ae(a.p,p), = [(Be), + (Qe(), Jyu + a—5— ”Vq (25PigtPIDiSr(3-D/2)),, (6.2.41)

where (g.(q)), is a function proportional to (F(3— D;/2)), vanishing for g? - 0, which will
not be enumerated here. The term proportional to ¢,,q"yields contributions to the
anomalous magnetic moment and to the | = 0 Lamb shift.
Remark 6.2.2.Note that in this subsection the dimensional e-regularization ¢ € (0,1] of
guantum electrodynamics is considered as QFT with a fractal support of the quantum
fields. These quantum fields are well defined as Colombeau quantum fields [22] for
Hausdorff dimensions D arbitrarily close but smaller than D* = 4.
Let us consider the dimensional renormalisation of the bare two-point Green function
(SE"?‘“*)8 of the electron. The full propagator (S;), can be formally written as the analytic
continuation of a sum over self-energy diagrams
(S:(p)), = (yp— (MB¥®) — (Z.(p)), + i)™, where (mg2®) is the bare electron mass and
(2:(p)), is the proper self-energy. Substituting for (Z.(p)), its lowest-order contribution
Eq.(6.2.37), and recalling Eq.(6.2.38), yields

( 28) -1
(SN, = et 1+ (Zao), (1P~ M(2(P)),) (6.2.42)

where the physical mass m € R, and the renormalisation constant (Zz;), < R are
defined by

m= (méljaare)‘g _ (A‘g)‘S =
(n-]‘lg}are)‘E + 3a(22—D§n—1—D3/2mD3_3F(2 - DZ/Z))‘S =
(mgBare)8 + 3 (2—2+5n.—1+5/2m1—£1"<%>> ~ (6. 2 43)

(mpere), + M ((2)) _0.577)

and
(Za), = 1— (A;),mL. (6.2.44)
From Eq.(6.2.43) one obtains



(mgare), = m-3MM (2 _0.577) -

(6.2.45)
_ 321l 3a ~ _3a (1
m(1 3l 0.577) = m(1 S (8)>
Thus
Barey _ _ _3a (1
(Mare) = m(Z,), = m(1 S (4 )) (6.2.46) where
Z.), = 1—%(%) (6.2.47)
Remark 6.2.3. Note that standard sector of QED, defined by the condition
(Z:(a(e))), > 0, (6.2.48)
see Sec. IV.3. In particular for a given a standard sector of QED, defined by the
following
condition
3a
5re < 1. (6.2.49)

The bare photon propagator is renormalised by the formal summation of vacuum
polarisation diagrams, whose lowest-order contribution given by Eq.(6.2.36).Again,
(I;(q)), can be expanded around the mass shell g2 = 0, yielding

(I(@)), = (P:), + 4%(7:(a%)),- (6.2.50)
The full photon propagator can be written as (0,9, — 9°gu)(A:(?)),, with
(A:(0?), = [1- (P.), - P(me(?),] (6.2.51)

The term in brackets contributes to the renormalisation of the bare charge (e?®)_,
which relates to the renormalised charge e by

(€8, = e[1-(Ps), — 0*(n:(0%)),] = &(Zss),

) ) (6.2.52)
(Z3¢), = 1-(Ps), —0°(7:(q9)),
For zero momentum transfer g -~ 0 and for ¢ < 1 (Z3;), = 1- (P.), reduces to
Z3:), =1-(I1.(g?> = 0)) =
(Zs, )g+ +( (g ), + (6.2.53)
1- a(2*P:x P20 (2 — DE2)mPi*)
yielding
Bare 2
@), = L2l ez, (6.2.54

Remark 6.2.4.Note that standard sector of QED,4 except the condition (6.2.48),defined
by

the condition (Zgi(a(g)))g > 0,see Sec. IV.3. In particular for a given « standard sector
of

QED, except the condition (6.2.49),defined by the following condition



Z2(a) > 0. (6.2.55)

All other contributions to the renormalisation of the electric charge cancel, as can be
explicitly seen by a summation of the lowest-order radiative corrections to the charge

(1-(Be), + (L), — (Ps),)(eB¥®),. (6.2.56)

As can be shown from (6.2.38) and (6.2.41), (L), equals (B,), and only the (Zs.).,
factor remains for the renormalisation of the electric charge.

Let us consider corrections to the magnetic moment due to vertex corrections as
(6.2.40).In particular, the term proportional to ¢ ,,q" remains finite for Hausdorff
dimensions smaller than six. It gives rise to low-order contributions to the anomalous
magnetic moment as well as the | + 0 splitting of energy levels in atoms (Lamb
shift).Utilising the expansion of the gamma function into a polynomial I'(1+ z) = ZZO ciz
with coefficients co = 1,¢nia = (N+1Y-" (-1)"si,15. and s; = 0.577,s, = £(n) for
n > 2,Rez > 0, where {(n) is the Riemann zeta function (e.g. s, = 72/6) ,0ne obtains for
smalle =4-D* <« 1

ae(D* = 4) — ae(D?) = a[dn~t — 220 g 021 (3 - D*/2)] ~

5-(0.577 +logz)(4 - D). (6.2.57)

Here, a. is the form factor of the electromagnetic current proportional to ¢,,q". Presently
the difference between experimental and theoretical values of ae suggests

D* >4 (5.3+2.7) x 107, (6.2.58)

i.e., e < (5.3+2.7)x 1077 at the scale of the Compton wavelength of the electron [37].
Remark 6.2.5. Note that for a = 1/137 from (6.2.58) one obtains

3o _ 3 _
1e ~ 2nx137x3x107 17 >1 (6.2.59)

Obviously this inequality in a contradiction with inequality (6.2.49) and therefore
dimensional renormalization breaks down for a = 1/137.

Similarly, corrections to the | = 0 levels for a hydrogen-like atom can be derived for
OoE = AE(D* = 4) - AE(D") :

SE(2pL) = =% _[0.57722+ logr](4 — D*)RY.. x

2rnd
[(1+12)] j=1+12 (6.2.60)
Hld+12)]t j=1-12
This correction yields
3
OE0 = azzgw [0.57722 + logn](4— D*) < 0.03 + 0.01MHz (6.2.61)
and the lower bound
D*>4-(1+0.3) x 1073, (6.2.62)

e, e<(1+0.3) x 1073,
Remark 6.2.6.Note that for a = 1/137 from (6.2.62) one obtains

3o _ 3 _
216 27 x 137 x 3x 102 1.1617 > 1. (6.2.63)




Obviously this inequality in a contradiction with inequality (6.2.49) and therefore
dimensional renormalization breaks down for a = 1/137.

6.3.Hausdorff-Colombeau measure and associated

negative Hausdorff-Colombeau dimensions.

During last 20 years the notion of negative dimension in geometry was many
developed,

see for example [15],[35]-[41].

Remind that canonical difenitions of noninteger positive dimension alwais equipped
with

an finite measure. For instance Hausdorff—-Besicovich dimension equipped with
Hausdorff

measure duf,(x,D*) [35]-[38].

Remark 6.3.1.Note that in the case where a finite measure u on a metric space (X,d)
is exact-dimensional, i.e. there exists a > 0 such that

p(X\{x lim N#BX) a}) (6.3.1)

0 Inr
many different definitions of dimensions of u collapse to the value a.
Given a metric space (X,d), let B(X) denote the Borel o-algebra in X, and let BM(X) be
the class of non-null finite Borel measures defined on X.
Definition 6.3.1. A measure u € BM(RP) is called:
(i) of lower exact dimension g if

y(RD\{x lim inf '””ﬁw _ QD (6.3.2)
r-0
(ii) of apperer exact dimension @ if
p([R%D\{xlimsup ”“‘(ﬁl# =a}>. (6.3.3)
r-0

Remark 6.3.2.1t is well known that u is of lower exact dimension a if and only if
dimy(u) = dimfy(u) = a, and u is of apperer exact dimension @ if and only if
dimp(u) = dimp(u) = @.Here

dimyy () £ inf{dimu(A)[u(A) = |, A € B(RP)},

. o (6.3.4)
dimp(u) 2 inf{dimp(A)|u(A) = [lull,A € BRP)},

where ||| is the total mass of pu.

Let us consider now example of a space of noninteger positive dimension equipped
with the Haar measure.On the closed interval 0 < x < 1thereis a scale 0 < o < 1 of
Cantor dust with the Haar measure equal to x° for any interval (0,x) similar to the entire
given set of the Cantor dust. The direct product of this scale by the Euclidean cube of
dimension k — 1 gives the entire scale k+ o, where k € Z and o € (0,1) [36].

Let up be a Lebesgue measure on RP and let Sp be an D-dimensional ball of radius R.
In the spherical coordinates, the volume xp(Sp) of the ball is equal to

_ 2> (foagro 20
r(1+%) jOrDldr r(1+%) RD. (6.3.5)



Here r™! stands for the classical regular density [36].
Let 6(x — Xo)dx be a Dirac measure with a support {Xo} and total mass 1 on R,i.e. for
any mesurable set A € R 64, (A) = ngug O0(X—Xp)dx = 1iff Xo € Aand ox,(A) =

J g 5= Xo)x= Oiff xo # A

Remark 6.3.3.Note that: (i) Dirac measure 5(x — Xo)dx has a representation as
Colombeau generalized measure

5(X — Xo)dX =z %(%) , (6.3.6)

g€ (0,1], i.e.

IR o(X = Xo)f(X)dx =5 GR o(x— xo;s)f(x)dx)g = % (I{R %)E (6.3.7)

(i) here Colombeau generalized function (6(x - Xo; €)),
. A 1 I

O0(X — Xo; 2| —=e 6.3.8

O, (ﬂ (X—XO)2+82>8 ( )

stands for the nonclassical nonregular density.
Remark 6.3.4.Note that: (i) for any x # Xo

—& ) = 05, 6.3.9
((X_XO)2+82>8 R "R ( )

EO=x0:)), ko = (£) - (6.3.10)

Given a metric space (X,d), let B(X) denote the Borel o-algebra in X, and let CBM(X)
be the class of non-null hyperfinite Colombeau-Borel measures defined on X.

Definition 6.3.2.Let (1;), € CBM(RP) be Colombeau-Borel measure and let
(I.(d",x,r)),

be

(i) for x = Xo

(e(d %), = [ -yl ), (6.3.11)

Colombeau-Borel measure (), € CBM(RP) is called exact-negative-dimensional iff
there exists D~ such that —o < D~ < 0and vx € RP :

ID-| = inf{|dx|[limo limaol.(dy,%,r) = O}. (6.3.12)
For instance Colombeau-Borel measure (u;), € CBM(R) :
dx
), = | —— 6.3.13
() ((x—xo)k+82>e 633

is exact-negative-dimensional measure with D~ = —k.
Definition 6.3.3. Colombeau-Borel measure (i), € CBM(RP) is called:
(i) of lower negative dimension D~ < O if
ID~| = infgo inf{|dx|llime-o limol:(dx,X,r) = O}. (6.3.14)
(i) of apperer negative dimension D™ < O if
ID7| = supyegro inf{|dx|llimro limg_ol.(dy,%,r) = O}. (6.3.15)



For instance Colombeau-Borel measure (u:), € CBMR) :

_ dx dx
(ue), = ( X)) 182 )8 + <—(X—X2)k2 e )8, (6.3.16)

where x; + X2 and ki > kp, is lower negative dimensional with D~ = k, and apperer
negative dimensional with D™ = k;.

Remark 6.3.5.In this subsection we define generalized Hausdorff-Colombeau
measure.In subsection VI.4 we will prove that negative dimensions of fractals equipped
with the Hausdorff- Colombeau measure in natural way.

Let QO be an open subset of R", let X be metric space X < R" and let F be a set
F = {Ei},, Of subsets E; of X. Let {(E,x X) be a function{ : F xQ xQ - R.Let CE(Q2)
be a set of the all functions {(E, x,X) such that {(E, x,X) € C*(Q x Q) whenever
E e F.Throughout this paper, for elements of the space Cz(Q x Q)© of sequences of
smooth functions indexed by ¢ € (0,1] we shall use the canonical notations ({:(E,x,X)),
and ({;), so{; € CE(QxQ), € € (0,1].

Definition 6.3.4.We set Ge(Q) = Em(F, Q)IN(F,Q), where

Eu(F,Q) = {(£(ExX), € CEQx Q) |VK cc Q,Va e N'3p e N with
SUPEer:xek |G (E, X, X)| = O(eP) as ¢ —» 0},
NF,Q) = {({(E;x.%)), € CEQx Q)Y |VK cc Q,Va e N"Vq e N
SUPE<Fek S < (E, X, X)| = O(¢%) as & - 0}.

(6.3.17)

Notice that Gr(Q) is a differential algebra.Equivalence classes of sequences ({;), =

(€<(E,x,X)), will be denoted by cl[({.).] or simply [({),].

Definition 6.3.5.We denote by R the ring of real,Colombeau generalized numbers.
Recall that by definition R = EmR)/N(R) [21-23], where

Em(R) = {(X;), € ROU|3a € R)(Teo € (0,1])Ve < go[[x:| < €]},

(6.3.18)
NR) = {(x:), € ROU|(Va € R)(Teo € (0,1])Ve < eo[[X| < €]}

Notice that the ring R arises naturally as the ring of constants of the Colombeau

algebras G(QQ).Recall that there exists natural embedding 7 : R — R such that for all
reR,7=(r,), wherer, =rforall ¢ € (0,1]. We say that r is standard number and
abbreviate r € R for short. The ring R can be endowed with the structure of a partially
ordered ring: forr,s R n € R,,n < 1we abbreviate r <g, Sor simply r <z sif and only if
there are representatives (r.), and (s;), withr, < s, for all ¢ € (0,n]. Colombeau
generalized numberr € R with representative (r.), we abbreviate cl[(r;),].

Definition 6.3.6. (i) Let o € R. we say that ¢ is infinite small Colombeau generalized
number and abbreviate § ~x 0 if there exists representative (5,), and some g € N such
that |6.| = O(e%) as ¢ » 0. (ii) Let A € R. We say that A is infinite large Colombeau
generalized number and abbreviate A = % if A ~¢ 0. (iii) Let R, be R U {0} We say
that @ e R., is infinite Colombeau generalized number and abbreviate ® = oo if there
exists representative (0,), where ®; = « for all ¢ € (0,1].Here we set Emu(R) =

EmR) U {(®;),}, MR.) = NR) and R, = EMRL)INRL).



Definition 6.3.7.The singular Hausdorff-Colombeau measure originate in Colombeau
generalization of canonical Caratheodory’s construction, which is defined as follows: for
each metric space X, each set F = {E;},_, of subsets E; of X, and each Colombeau
generalized function (¢.(E,x,X)),, such that: (i) 0 < ({:(E,x,X)), , (ii) ({(E,X,X)), =¢ &,
whenever E € F, a preliminary Colombeau measure (¢s(E, X X,¢)), can be constructed
corresponding to 0 < 6 < +oo, and then a final Colombeau measure (u.(E, x,X)),, as
follows: for every subset E c X, the preliminary Colombeau measure (¢s(E, X, X, €)), is
defined by

$s(ExXe) =sup {D (B, xX)E < J. Ei.diamEi) < &}. (6.3.19)
{Eitien
Since for all ¢ € (0,1] : ¢5,(E.X.X,€) > ¢5,(E, X, X €) for 0 < 61 < §2 < +oo, the limit
(uEXxX¢)), = (Iim ¢5(E,x,>“<,s)) = (inf ¢5(E,x,>“<,s)> (6.3.20)
-0+ € 50 e

exists for all E = X.In this context, (u(E, x,X,¢)), can be called the result of
Caratheodory’s construction from ({.(E, x,X)), on F and (¢s(E, X, X,¢)), can be referred to
as the size § approximating Colombeau measure.

Definition 6.3.8. Let ({:(Ei,D*,D7,x,X)), be

(m(D*)Qz(D—)[dian(Ei)]D* ) B
(£+(E,D*,D"\x.%)), = [dx 1P T+ & . |
0 ifx ¢ E;

(6.3.21)

where ¢ € (0,1],Q1(D"),|Q2(D~)| > 0.In particular, when F is the set of all (closed or
open) balls in X,

D 1)\P" o+ Dot
01D = 2 r%? 2P ”[:i (6.3.22)
r(a+8-)  r(a+55)
and
_p-_ D=
Qy(D) = r<21'°—”D>
+ -
2 (6.3.23)

D~ #-2,-4,-6,...,-2(n+1),...

Definition 6.3.9. The Hausdorff-Colombeau singular measure (unc(E,D*,D7,%,X€)),
of a subset E ¢ X with the associated Hausdorff-Colombeau dimension
D*(D") € R,,D™ € R,, is defined by

(unc(E,D*,D7,x,%,8)) =

(Iim [ sup {3, (C(Ei,D*,D7,x,%) [E c |J, Ei, Vi(diam(Ei) < 5)}D . (6.3.24)

6-0 {Ei}tien
D* = sup{D* > O|(urc(E,D*,D7,X,%,£)), = oo },



The Colombeau-Lebesgue-Stieltjes integral over continuous functions f : X - R can be
evaluated similarly as in subsection 111.3,(but using the limit in sense of Colombeau
generalized functions) of infinitesimal covering diameter when {E;},_, is a disjoined
covering and x; € E; :

(] 100dune(ED*, D" x %)) =

&€

( lim |:ZuEiX f(xi) inf ngg(Ei,D+,D—,xi,>‘<):|>.

diam(E; )-~0 {Eij } with Uj E;j=E;

(6.3.25)

&

We assume now that X is metrically unbounded, i.e. for every x € Xand r > O there
exists a point y such that d(x,y) > r. The standard assumption that D* and D~ is uniquely
defined in all subsets E of X requires X to be regular (homogeneous, uniform) with
respect to the measure,i.e. (uic(Br(%),D*,D7,x,%¢)) = (uic(Br(¥),D*,D7,X,¥,¢)) ,
where d(x,X) = d(x',y) for all elements X,y,x,x" € X and convex balls B (X) and B, (y) of
the form B,(X) = {4d(X,z) < r;X,z € X} and B((y) = {4d(V,z) < r;¥,z € X}.In the limit
diam(E;) - O, the infimum is satisfied by the requirement that the variation over all
coverings {Eii }ijen is replaced by one single covering E;, such that
Uj Eij - E; = x;. Therefore

Ox f(x)dunc(E,D*, D™, %, X, 3)) =

oL (6.3.26)
lim fx)C(E;,D,D7,x, %) | .

(dian‘(Ei)—>0 2o 0GB l ))g

Assume that f(x) = f(r),r = ||r||. The range of integration X may be parametrised by

polar coordinates with r = d(x,0) and angle w. {E;, »,,} can be thought of as spherically
symmetric covering around a centre at the origin. Thus

(I, k(B B, D x%.2)) =
< (6.3.27)
( lim ZuEi=x f(ri)gs(Ei,DJr,D_,Xi,)'())_

diam(E;)-0
Notice that the metric set X < R" can be tesselated into regular polyhedra; in
particular it is always possible to divide R" into parallelepipeds of the form
I, in = {X=(X1,...,%) € XX = (ij — DAX +7;,0 < yj < AX;,j = 1,...,n}.  (6.3.28)

For n = 2 the polyhedra IT;, j,is shown in figure 6.3.1.Since X is uniform

(dﬂHC(E,D+,D_,X’X78))8 = ( lim ¢y, ., in1D+!D_7X’X)> =

>

. AX; o
lim " ! S
diam(ITi,.in) Hl=l< i — %1 + e ) (6.3.29)




Fig.3.3.1. The polyhedra covering for n = 2.

Notice that the range of integration X may also be parametrised by polar coordinates
with

r = d(x,0) and angle Q. E, o can be thought of as spherically symmetric covering

around a centre at the origin (see figure 3.3.2 for the two-dimensional case). In the
limit,

the Colombeau generaliza function ({.(E:o,D*,D~,r,F))_is given by

(dﬂHC(Er’Q, DJr’ D_l r1Flng))8 =

. D, D7 T 2 _dQO 0 6.3.30
(ol sEn0 0 t) + G O
€ - £

&€

E,.q Ar

AQ

Fig.6.3.2.The spherical covering E; .

When f(x) is symmetric with respect to some centre X € X i.e. f(X) = constant for all x
satisfying d(x,X) = r for arbitrary values of r, then chainge of the variable
X—>zZ=X-X (6.3.31)

can be performed to shift the centre of symmetry to the origin (since X is not a linear
space, (6.3.15) need not be a map of X onto itself and (6.3.15) is measure preseming).
The integral over metric space X is then given by formula

4y D12 D12 o rD*—lf(r)

UXf(x)d,uHc(EX,D*,D‘,X,X,s))s o e (jo o dr)g. (6.3.32)

The Colombeau integral defined in (6.3.27) satisfies the following conditions.
(i) Linearity:




(Ix[alfl(X) + azfz(X)]d‘uHC(EX, D+, D_,X, X,g)) _
; (6.3.33)
al(J-X f1(x)dunc(Ex, D*, If)‘,x,)'(,s))8 + az(-[x f2(X)dunc(Ex, DY, If)‘,x,)'(,s)) _

(ii) Translational invariance:
UX f(x+xo)duHC(EX,D+,D—,x,>“<,g))8 - (jx f(x)dyHc(EX,Dﬁf)‘,x,X,e))g (6.3.34)
since
(durc(Exx, D, D7, X = X0, X = X0,£)) = (dunc(Ex, D*,D7,x,%,8))  (6.3.35) .
(iii) Scaling property:
(jxf(a.x)duHc(Ex,DﬁD-,x,x,g))g - a-D*+D'(jxf(x)duHc(Ex,D+,D-,x,x,g))g (6.3.36)

6.4.Main properties of the Hausdorff-Colombeau metric
measures with associated negative Hausdorff-Colombeau

dimensions.

Definition 6.4.1. An outer Colombeau metric measure onaset X £ R"is a
Colombeau
generalized function [(¢.(E)).] € Gr(Q2) (see Definition 6.3.1) defined on all

subsets of X satisfies the following properties:.
(i) Null empty set:The empty set has zero Colombeau outer measure

[(¢:(D)).] = 0. (6.4.1)
(i) Monotonicity: For any two subsets A and B of X
Ac B = [(¢:(A),] <x [(9:(B)),]. (6.4.2)

(iii) Countable subadditivity: For any sequence {A;} of subsets of X pairwise disjoint or
not

(@A, ] =z [ (Z10:4)) ] (6.4.3)
(iv) Whenever d(A,B) = inf{dn(X,y)[x € Aye B} >0
[($:(AUB)),] = [(9:(A),]+ [(9:(B)),], (6.4.4)

where dn(x,y) is the usual Euclidean metric:dn(X,y) = /D (X — vi)Z.
Definition 6.4.2. We say that outer Colombeau metric measure (u.),,¢ € (0,1] is a
Colombeau measure on g-algebra of subests of X = R" if (. ), satisfies the following

property:
(@A), ] = [ (Z10:4)) | (6.4.5)
Definition 6.4.3.If U is any non-empty subset of n-dimensional Euclidean space, R",

the
diamater |U| of U is defined as

lU| = sup{d(x,y)Ix,y € U} (6.4.6)
If F < R", and a collection {U;},_, satisfies the following conditions:



(i) Uil < o foralli € N, (ii) F < Uiev Ui, then we say the collection {U;},_is a J-cover of
F.
Definition 6.4.4.1f F < R" and s,q,0 > 0, we define Hausdorff-Colombeau content:

(H3(F,e)), = (inf{zf” &}) (6.4.7)

X"+ e

where the infimum is taken over all J-covers of F and where x; = (Xi1,...Xin) € Uj for
all i e Nand || x| is the usual Euclidean norm:|| x| = ‘/m
Note that for 0 < d1 < d2 < 1,¢& € (0,1] we have
H3(F,e) = H3J(F,¢) (6.4.8)
since any ¢, cover of F is also a J, cover of F,i.e. H5!(F,¢) is increasing as 6
decreases.

Definition 6.4.5.We define the (s,q)-dimensional Hausdorff-Colombeau (outer)
measure

as:
(H34(F,¢)), = (Ilm H39(F, s)) (6.4.9)
0 &
Theorem 6.4.1.For any J-cover,{U;}of F, and forany ¢ € (0,1], t > s :
HY(F,¢) < §"SHSI(F,¢). (6.4.10)
Proof. Consider any d-cover {U;}_of F.Then each |U;|"® < 5% since |Ui| < §, so:
Uil" = [Ui["S|Ui P < 8S|Ui J°. (6.4.11)
From (6.4.11) follows that
UL o 07U 6.4.12
lT+e = TxlT+e (6412
and summing (6.4.11) over all i € N we obtain
- Uil ceyre Ui i1
2 [ i ||q+8 =070 Ixi[|9+¢" (6.4.13)
Thus (3.4.10) follows by taking the infimum.
Theorem 6.4.2. (1) If (H>(F,¢)), <z g, and if t > s, then (H"(F,¢)), = Os.
(2) If O <z (H%(F,¢)),, andift <s, then (HY(F,¢)), = of.
Proof.(1) The result follows from (6.4.10) after taking limits, since Ve € (0,1] b
definitions follows that H%9(F,¢) < oo,
(2) From (6.4.10) Ve € (0,1],Vo > O follows that
1 HSA(F,g) < HY(F,¢). (6.4.14)

55—t
After taking limit § - 0, we obtain HY(F, &) = oo,since lims.o(65!) ™ = o and
lims_oH3%(F, &) = H%A(F,¢) > O.
Definition 6.4.6.We define now the Hausdorff-Colombeau dimension dimyc(F,q) of a
set F (relative to q > 0) as

dich(F CI) =

6.4.15
sup{s = S(Q)I(H¥(F,¢)), = o } = inf{s = s(q)I(H¥(F,¢)), = Oz} ( :



Remark 6.4.1.From theorem 3.4.2 follows that for any fixed q = q :

(HS'q(F,g))‘E = 0z or (HS'q(F,g))‘E = ooz everywhere except at a unique value s, where
this

value may be finite. As a function of s,HS4(F, ¢) is decreasing function. Therefore, the

graph of H33(F, &) will have a unique value where it jumps from o to 0.

Remark 6.4.2.Note that the graph of (H%4(F,¢)) for a fixed q = g is

o0

if s< dich(F,(j)

K
(HS4(F,¢)), = Oy if s> dimuc(F,q) (6.4.16)
undetermined if s= dimuc(F,q)

Definition 6.4.7.We say that fractal # < R" has a negative dimension relative to q > 0
iff dimuc(F,q) —q < 0.

7.Scalar quantum field theory in spacetime with Hausdorff-
Colombeau negative dimensions.

7.1.Equation of motion and Hamiltonian.

Scalar quantum field theory and quantum gravity in spacetime with noninteger positive
Hausdorff dimensions developed in papers [42]-[45].Quantum mechanics in negative
dimensions developed in papers [40],[41] Scalar quantum field theory and quantum
gravity in spacetime with Hausdorff-Colombeau negative dimensions originally
developed in paper [15].In this section only free scalar quantum field in spacetime with
negative dimensions briefly is considered.

A negative-dimensional spacetime structures is a desirable feature of
superrenormalizable spacetime models of quantum gravity, and the most simply way to
obtain it is to let the effective dimensionality of the multifractal universe to change at
different scales. A simple realization of this feature is via suitable extended fractional
calculus and the definition of a fractional action. Note that below we use canonical
isotropic scaling such that:

[x*]=-L,u=01,...,.Di-1 (7.1.1)
while replacing the standard measure with a nontrivial Colombeau-Stieltjes measure in
negative Hausdorff-Colombeau dimension D,

dPx - dP"x = (dn(x,D,¢)),,

[n] = Dt »a,a € [1,—x).

(7.1.2)

Here D is the topological (positive integer) dimension of embedding spacetime and « is
a parameter. Any Colombeau integrals on net multifractals can be approximated by the
left-sided Colombeau-Riemann-Liouville complex milti-fractional integral of a function
L(t) :



m o [ - qziD)-1
(Jymnexorem) o (1{207) 2 (Zilﬁ e imdt) ’
_ _ : 7.1.3
(n(t.e)). = 120 — [(T-1) +ig]*V ( )
e = Tz (@ + 1) ;

where ¢ € (0,1], tis fixed and the order z(t) is (related to) the complex
Hausdorff-Colombeau dimensions of the set. In particular if z € C,i = 1,2,...,mis a
complex parameters an integrals on net multifractals can be approximated by finite sum
of the left-sided Colombeau-Riemann-Liouville complex fractional integral of a function
L(t)

(Tymneeeyz®) = (™) -
PIAGIORED N (F(Z) JLd@-t) +ie]* 1£<t>) 7.1.4)
Com [(TE-[E-t) +ig]?
(), = zizl( o )

Note that a change of variables t - t -t trasforms Eq. (7.1.4) into the form

[t+ig] ™ -
(j dn(x, s)i(t)) -y 1(] Aoy ii(t—t))g. (4.1.5)

The Colombeau-Riemann-Liouville multifractional integral (7.1.5) can be mapped onto
a Colombeau-Weyl multifractional integral in the formal limit t - +o0.We assume
otherwise,so that there exists limg.,., z(t) and limg, ., £ —t) = £[q(t),§(t)]. In particular if

z € Cis a complex parameter a change of variables t - t — t trasforms eq. (7.1.5) into
the form

- v 1zi-1
2008, = 20 (I Zdt%s@[q(t),q(t)o . (7.1.6)

This form will be the most convenient for defining a Colombeau-Stieltjes field theory
action.In D dimensions, we consider now the action

(S2), = (], n062)LL0:00,8,0:(]) (7.1.7)
where L[, 0,¢] is the Lagrangian density of the scalar field (¢.(x)), and where
(dn(x.£)), = Z[anfggl(f#,i (x,s))sdxﬂ, (f#,i (x,s))e ‘M > R, (7.1.8)

is some Colombeau-Stieltjes measure. We denote with pair (M, (dn(x,€)),) the metric
spacetime M equipped with Colombeau-Stieltjes measure (dn(x,¢)),. The former can be
taken to be the canonical scalar field Lagrangian,

(L[@:(X),0,0:(X)]), = _%(ay(l)saﬂ(og)g - (Ve(9e)),, (7.1.9)

where V.(¢.) is a potential and contraction of Lorentz indices is given via the Minkowski
metric nu, = (=, +,...+) ,.As for the Colombeau-Stieltjes measure, we make the

multifractal spacetime isotropic choice



(f(u,i)ﬁ)g = (fie), = 01,...,Di=1i = 1,...,m (7.1.10)

Hence the scalar field action (4.1.7) reads

(80), = ([, 8106 &) L[0e(0,040:()]) =
Zjnll (I dPxvg, (X)[%awsa“(ps + V("’S)Dg = (7.1.11)
Z,-: (I A2 XV, (X,DJ)[%%%G“% + V(%)DS,

where (v;j(X)), = (vj(X,Dj})), is a coordinate-dependent Lorentz scalar

(Vej(x.D})), = ( 5 (X)]Dtﬁa,--m — ) (7.1.12)
We define now the Dirac distribution in negative dimensions Dj,j = 1,...,mas
Colombeau generalized function by equation
> (Javepse6{P xe)) ~m (7.1.13)
In particular for the case m= 1
(j dv(x,D3,£)6 8, )(x,s)>8 -1 (7.1.14)

Invariance of the action under the infinitesimal shift ¢(x) - @(x) + dp(x) gives the
equation of motion for a generic weight (vi;),,i = 1,...,m:

(g_(i)s N Zrlq(a\’?ﬁ\,’f ) + d()j(u ] a(gj)g) ) =0. (7.1.15)

In particular for for the case m = 1 we obtain

oL\ ([ OuVve d} oL _
(6%)5 ([ AT a(au(pg)l 0. (7.1.16)

From Eq.(7.1.11) and Eq.(7.1.15) we obtain

Cooo+ T[S Joroe) |- (Fvon) -0 (7.1.17)

where L] = 0,0*.In particular for for the case m = 1 we obtain
0,V

G, + ([ %= Joro.) - (ghvion) -0 (7.1.18)

&€

Note that the Hamiltonian is no longer an integral of motion. Let us define now the
momentum

0
where dots indicate (total) derivatives with respect to time and we have taken
Eq. (7.1.13) into account. Defining the Lagrangian in negative dimensions
Dr,i=1,....m

(Tpe), = (588 ) = (92, (7.1.19)

(Le), = Z: 1( I th‘lxvi,e(x,Dr)iL, (7.1.20)



where X =(Xg,...,Xp,1),dP1x =dx; x...xdxp,_1 the Hamiltonian is
(Ho), = 2o, ([ v D) (xae) ) = (L), =
Z:U dDi‘xvi,g(x,Di‘)( > T+ %&(pé’i(p + V8>>8 =
m (I dDi’xvig(x,Di‘)ﬁel,
(F.) = (73 + Zapdo+V.) .
The definition of the equal-time Poisson brackets is

<{Ae(x),Bg(x/)}{vi’g}>e 2

m B SA:(Xi) 6B.(X()  SA.(Xi) 6B:(X{) D (7.1.22)
th 1 . _ ,
ZHO Y (y)[ 500Y) Oma(y)) | 0mp.(yy) 3palyy)

(7.1.21)

gives the Hamilton equations

((Ps) = ({¢81H8})e’ 7.1.22
(7T<p.c {7[(/7;1H }) ZZl(x:_in(DS)g ( - )

equivalent to egs. (7.1.19) and (7.1.14), respectively. Therefore, time evolution of an
observable (O;), = (O(¢:,7y,,X,€)), IS

(ddC:g ) = (20,), + (0. Ho} ) - G—nqa%) (7.1.23)

7.2.Propagator in configuration space with Hausdorff-

Colombeau negative dimensions.

In this subsection we define the generalized vacuum-to-vacuum amplitude in
Hausdorff-Colombeau negative dimensions by

(Z[3:), = (j(mmm Dlp.Jep| I, | o G(L02) +(ngg)D _

&

J.((og) G(RR) D[(gpg)g] exp[i ijl('[[RE d']j,s(Is(%) + ¢5J3)>£:| = (7. 2. 1)

J o ey PL@DIOB[ I [ @1, (Letp0), + (00,00, |

where (¢.), € G(RR) and (J.), € G(RR) is a source. Integration by parts in the exponent
leads to the Lagrangian density for a free field as

OuVie
(£e), = 5 (%(EHZ”‘ u.,l or — )(pg) = %(gognggog)g, (7.2.2)
where
Ke =0+ Zm a“_”@“ m2j =1,...,m (7.2.3)

In particular for for the case m = 1 we obtain



OuVe

K. =0+ V;

oH — . (7.2.4)

The propagator is the Green function (G¢(x)), solving the equation
(K:G:(x), = (67 (%,8)),, (7.2.5)
where D~ = D¢(a — 1) < 0.By virtue of Lorentz covariance, the Green function (G;(x)),

must depend only on the Lorentz interval s? = x,x* = x;x' —t?,where x° = t and
i =1,...,Dt— LIn particular, (v¢(x)), = (ve(s(xX))), with the correct scaling property is

(ve(s0), = (S0P +2) ™) 500 = XX (7.2.6)
Note that
_ X _ Di—1
Ou = 50 “+ ) 0s, [0 = 03 + —(S(Xt) sy Os. (7.2.7)
Hence the inhomogeneous equation (7.2.5) reads
Dia -1 _ ,eD-
(65 + mas— m2>(Gg(x))€ = (67 (x,€)),. (7.2.8)

We first consider the Euclidean propagator and denote with r = /x;x' +t? the
Wick-rotated Lorentz invariant. In the massless case, the solution of the homogeneous
equations forany a < 0is

(Gu(n), = cr2h,p = 2220
where D = D; and where C is a normalization constant. The right-hand side of Eq.(7.2.8)
is not the usual o-function defined in radial coordinates. To find the latter note that

(7.2.9)

1= [ (dPxv(0),50) (%) = (j ) devg(x)(')‘\(/'f)(x))
" o : (7.2.10)
= QoQo- [ _drve(n i) = [ dra(n),
RY e RY

(>

where §27 (x)

(Ve),

(8% x)) , Qo = 2xP2I(D/2) and Qo- = 2x°2I1(D/2), (see
Definition 6.3.8.) Therefore,

J. @:00),68700 = (] dec002700)

o (7.2.11)
IRXD(dQe(X))g[ QDQ;—Eve(r))g S(r)}
In order to find the propagator also for r = O we can take some test function ¢ and
compute
Q00p-(C:G,¢) = (lime0QpQo- [ drC,G(N4(M)) (7.2.12)
where
(Cs), = (Ve(NrPKs), = 0r(rr®kDo,) — rOliim? (7.2.13)

— ar(r—(D|a|+1)ar) _ r—(D|a|+1)m2 — ar(rD*ar) _ rD*mZ.

where D~ = —(D|a|+ 1).Thus



QpQp-(KoG,¢) = im0 QoQo- [ drG(r)a: (r-®=Ha,¢(r))
= C/QDQD—(Z + D|a |)¢(0) )

(7.2.14)

where C'is an constant and where we have used Eq.(7.2.9) and integrated by parts once
(since the boundary terms vanish). The last line must be equal to (5, ¢), thus fixing C'.
Then, the Green function for m = 0 finally reads

2+Dla|

_ 1 :
0 = a0+ o)

Let us consider now the massive case.The solution of the homogeneous equation
(K:Ge(r)), =0foranya < Ois

(7.2.15)

24DJo|

G:(M), = (&) ° |:C1K_2+_[;-m(mr)+62|_2+_[;~|ﬂ(mr):|, (7.2.16)

where D = Dy, C1,C» are constants and K, and |, are the modified Bessel functions. The
function 1,(2) is

B o (2/2)v+2k
M@ = 2o R+ ko D) .21

Formula (7.2.17) is valid providing v # -1,-2,-3,....

B o (2/2)—|v|+2k
1@ = 2o Ak D) (7.2.18)

Formula (7.2.18) is obtained by replacing vin (7.2.17) with a —v.Note that
Kv(2) = [l+@-1®)] (7.2.19)

23|n
It follows

Kw(2) = [Im(2) = 14 (D)]- (7.2.20)

25|n|v|7r
The modified Bessel functions |,/(z) and I_,|(z) have the following asymptotic forms for
z-0:
vl -l
lv(z A2 = ——F——~
M@= T |+1)( ) @ = (- IVI+1)< ) (7.2.21)
v+-1-2-3,...

From (7.2.16) we obtain

24DJa|

(o)), = (7) [ CK 2 (M) + Cal 2 (mn) | =

2tD-n|
<%> ’ { 25|nc+7é|a||:l 2+E;-|a| (2) -1 2+E;-|a| (mr)} + Czl_%(mr)} =

2+D-Ja|
TN 2 Cirm Cirm
< m> { 2in 2Dl 2+D |a| I 2*2"”' (mr) + I‘%(mr)[_zsin 2+D-a| . + CZ:|}'

2

(7.2.22)

Since for small m ~ 0 the solution must agree with the massless case (4.2.15), we set



Clﬂ'
—=_ +(C;=0. (4.2.23)
2sin 2+Dz-|a| T 2 Therefore

2+D-Ja|

(G:(), = -C1 (&) ° L 2o (D). (4.2.24)

. 2D-
25|n+T""'7r

To find the solution of the inhomogeneous equation, one exploits the fact that the
mass term does not contribute near the origin. Expanding Eq. (7.2.24) at mr ~ 0, we find

24D 24D

]
Gg __c T 2 mr 2 T
(Ge(n), () ( 2 E(%H)gn%n (7.2.25)

which must coincide with Eq.(7.2.15). This gives the coefficient C; and the propagator
reads

D D-le] 24D |
G(r) _ 1 F( 2 >F< 2 ) <%>_M

- > 2o (M) =
2rinT Qo- 2 (7.2.26)

24D |

= Y(D,D‘)(%)le;gm(mr),

where we let

D D-ja|
Y(D,D) = —1 reer(s ) (7.2.27)
2n2m 2z Qp-
We can analytically continue the Helmholtz propagator (7.2.26) to the Klein—Gordon
propagator according to the prescriptions: (i) multiply G times the imaginary unit i, due to
Wick rotation of the time direction; (ii) replace r? with s? + i¢, where the positive sign of
the extra infinitesimal term corresponds to the causal Feynman propagator. Thus

Feynman propagator reads

G(s)z—iY(D,D*)( m’ ) ‘ %l%ﬂ(m,/s%ig), s>0, (7.2.28)

2 +ie

The massless propagator is

G(s) = (2 +ig) 3 (7.2.29)

i
QDQD—(Z + Da)

In order to calculate the propagator in momentum space, we can start from the
Euclidean one and then analytically continue the result as usual. In the Lorentzian
propagators the substitution k? - [k|? — (k®)? —i¢ is understood.Massless propagator in
momentum space is given by Fourier transform (in the sense of generalized functions,
see [32]) of the Eq.(7.2.15)

Bl — 1 Flr2+Dlel] —
G = Gsao @pry ]
(o) B2 2% . (7.2.30)

QpQo-T'(~2 21 (Dla] + 2) KEOHID

where D~ = —D(Ja|+ 1). The Fourier transform of the massive propagator in radial
coordinates is



Gk,m?) = Qp j drrP-1G(r, m?) ek, (7.2.31)

The integrand in Eq.(7.3.21) is not radial but we can choose a frame where
k.x* = —krcosf, k = |k*|, and the angular integral is

J.dQD e kX — Qp 4 Iﬂ do(sing)P-2gkreost —
0

b1 N (7.2.32)
— 2
Qo1 /T T(P5) (&) 9500,
where J,(f) = IZ e'feosu(sinu)? du. Thus we obtain
Bl m2) — DY(2\2 ! [* 4 D1 2
Gk, m?) = QDF( D )( k) jo drr>2[G(r, m?)]J 5 (k). (7.2.33)
Now we take the massive propagator G(r,m?) (7.2.26)
~ D1 ~Bel g
G(k,m?) = Y(D,DHI(2)(2)? (m) 2 "«

+0 2D (e 1)
drr=2 +1I%H(mr)\]%_l(kr).
0 2

7.3.Green’s functions in spacetime with Hausdorff-

Colombeau negative dimensions.
We consider now a self-interecting scalar field (¢.), € G(RY) describing by the action

(), = [, dvi| F(@upsdte.), — FM(02), + (Valp2)), | (7.3.1)
where

(Ve(x)), € G(RP). (7.3.2)

Corresponding generalized vacuum-to-vacuum amplitude in Hausdorff-Colombeau
negative dimensions reads

(ZmJe]), =

D[(p, X
I(m)gea(n&&’) [(92).]

exp[i (IRE dvg<%(a#goga“(pg)e - %mz(@?)8 + (Ve(9:)), + @e#))j = (7.3.3)

D[(p:).] x
(9:),<T®RD) [(92).]

exp[i '[RE’ (dV.g)e(%(ay@.ea“@a)8 - %mz((Pg)s + (V(¢8))g + ((Ps)e(‘]s)e> :|

where G(RR) ¢ G(RR) is an topological linear subspace of Colombeau algebra G(RR),
(p:), € GRY) and (J;), € G(RR) is a source.

Remark 7.3.1.Note that in (7.3.3) we integrate over an topological linear subspace

G(RR) < G(RD) of Colombeau algebra G(RR) but not over full Colombeau algebra
G(RR).

We will be write for short the expression (Z[J.]), in the following form



(ZulJ:)), = Nu | Dl(p),] x

GRR)

(7.3.4)
oxp| i{$(0,0:040.), - 2MP(02), + (Vulp)), + (0:),30)) |,

where Ny is a normalizing constant, the (...), now means integration with nontrivial
measure (d°v,(x)), over spacetime, and (J;), € G(RR) is a source. The integrand in

(7.3.4) is oscillatory and even path integrals are not well defined. There are two
canonical ways to resolve this problem:

(i) put in a convergence factor exp[ —2((¢2),) ] with € > 0, or

(ii) define (Z[J.]), in Euclidean space by setting xo = iXo,d°x = —idPx,
(0up:0"9.), = —(Bup:0"9.) ,where the bar denotes Euclidean space variables,
Oy = 0l0%,, .

Then Eq.(7.3.4) becomes

(Zeld:D), = Ne [, Dlpe)]x

exp[ (L @up.8"00), + P02, - (Velg2)), — (0),(0), ) |

where for instance

, (7.3.5)

(Ve(@:)), = 2 0aCk(0h),. (7.3.6)

The exponent of the integrand is now negative definite for positive mand V.

In either case, the generating functional is used to manufacture the Green’s functions
which are the coefficients of the functional expansion

@203.), - Z‘;0,L,—“,((Jlgaz,g...JN,SG<N>(1,2, N;e). ) _

PLP2,PN

. (7.3.7)
Do W (010,020, - (), V20 Nie)),)
Thus
GM(1,2,...,N;2)) =
1( s 5 5 _
HlCovmmE e e Z“”l 00,0
1§ 5 5 _ (7.3.8)
iN 6(‘]1,8@1,8)8 5(\]2,&‘@2,8)8 6(‘]N,8QN,8)8 (Z[‘]S])g (.),=0
1l 9o 6 Z[3,
5ot 0k, 5o, PV
e ), = Qh0)o @), = @) (), = K00l =12
(303, = (Q2) Qe preens @), (@0, = () )0 QR),) AN (o)

means integration with nontrivial Colombeau—Stieltjes measure dPp.(x1) x dDgg(xz) X...

xdPo.(xn). We evaluate now (Zu[J:]), when (V.(¢.)), = 0. We choose to do it in
Minkowski. Let (Z§.[J:]), be



(28:[3:1), =

7.3.9
NMIG(RE) D[(gog)g]exp[i<%(ap<ogau<pe)g—%(mz i€)(92), + (¢:),(Je )> } ( )

We assume now that (¢.(x)),,(J:(X)), € G(RP),(0.(X)), € G(RP) and introduce the
D-dimensional Colombeau Fourier—Stieltjes transform ('g‘o’g(k))g £ (3-’S)Q[(¢g(x))g](k), of

the field (p.(x)), with weight {(g(l)(x)> (g(z)(k))g} using the following formal

definitions: where the Colombeau-Fourier— Stieltjes transform F, of a function
(G:(x)), € G(RP) and its inverse are defined as

(Ba0)_ = (Jdo:00G:00e™) = [(dos)), (o)), €™ & (Fu[G:(]) s (7.3.10)

and

(G:(X), =

@oP (J dectBatoe ) = ooy [ e:00),(Botho) e (7.3.10)

correspondingly,where k « x = k°x° — KX Using now the definition of the D-dimensional
Colombeau-Dirac distribution with nontrivial Colombeau-Stielties measure (dg:(k) ),

(60.(K), = (j _p 82:() e-ik-X> 2 j _p(d2s(x)) e (7.3.12)

the exponent of the integrand in Eq.(7.3.9) is easily expressed in terms of the
Colombeau- -Fourier—Stieltjes transforms of (¢.(x)), and (J:(x)),. Finally it reads

= (j do:(—R)[B.(K) (K2 — 2 +i€)F (k) — T (k) (KZ — m? + ie)_ljg(—k)])g, (7.3.13)
where
'5;(k)>8 = (@,(0), + (R —m?+ie) (To(k)) . (7.3.14)
Definition 7.3.1. Let G(R?) < G(RP) be a maximal topological linear subspace of the
Colombeau algebra G(RR) such that for any (¢.), € G(RR) bouth Egs.(7.3.10)-(7.3.11)

are satisfied.
Remark 7.3.2. Note that we willin to choose a source (J (k)) € G(RP) such that

<~ (k)> e GRP), (p1(x)), € GRY) and therefore
'[GCRE> D[(%)SJ expl...] = IC(RE) |:<(p ) ]exp (7.3.15)

Putting it all together, we obtain

(Z¥.03:]), = NMexp[ Od o= k)M) J “

2
e (7.3.16)

! i( L Iangy — L m2 i 2
J.(tp;)geG([RE) D[((Dg)s]exp|:|< 2 (aﬂq)é‘a (pg)s 2 (m |€)((P8 )£>p:|’

where we observed that the (¢ ), -dependent term was just the same as the (¢.),
-dependent term in (4.3.9) with (J:(x)), = 0. Thus

Z4,13.1), - (Z&[omexp[ (j do. (- k)M) J (7.3.17)

m?2 +ie



By adjusting Ny, we can take (ZB/,'E[O])S = 1. The important thing is that we have
succeeded in finding the explicit dependence of (ZQ{'S[JE])‘g on (J:(X)),. The use of the
(J:(X)), inverse Colombeau-Fourier—Stieltjes transform (7.3.11) yields

(j IEELLAAC (k)”f)) -

.. oD [ (o)) [ (@), yerey (G k)> D(0®),)

(2n)P —m? +ie

(7.3.18)

and so that, if (0:(-k)), = (0:(kK)),, the free partition function reads
(Zosl3:1), = ((Zou[OD), ) x
exp[l2 [ (@t [ (oo, )0(arx - s))ng(y))g} = (7.3.19)
exp| 5 (@A = ¥:),)300),) oo ) |

where
e'k (x y)

(Br(x-y:e)), = -

ooy | (@e0),) 1 (7.3.20)

Thus, we have recovered the usual deflnltlon of the propagator as the solution of the
Green equation in negative dimensions D~ = D(a¢ - 1),a < O :
O+ M) Ar(X-Y;8)), = ~(3.(X=Y)),- (7.3.21)
It is the Feynman propagator. We now interpret the Green'’s functions obtained
from (Zo.[J]),. From (7.3.8) we find
(GE)2)(xl,x2;g)>‘g = (Ar(X1 — X2;€)),

(GE)4)(X1,X2, X3, X4; g)) =

—[(AF(X1 — X2; €)AF(X3 — Xa; €)), + (AF(X1 — X3; €)Ar(X2 — X4;€) ), + (7.3.22)
+(Ar(X1 — Xa; £)AR(X2 — X3;€)) ]
etc. ...

together with the vanishing of the Green’s functions with odd number of variables. This
fact is easy to understand since (Zo:[J:]), depends only on (J;).. In passing, note that
all Green’s functions are functions of only the difference of coordinates, reflecting the
translation invariance of the theory. Another imprtent notes is that the higher Green’s
functions can all be represented only in terms of (Géz)(xl,xz;g)>g. Hence it would apper

more convenient to set
(Zos[3e]), = (expliZo.[3:1), (7.3.24)
and define new Green'’s functions in terms of (ZQ,S[\]‘E])‘E :

iZ =y (N) : B
(uz[Jgo]o) =y A N ((rede. . naGE(L2,.. N,s)>€>p1’p2 _____ s
ZN o NT <(Jle) (J2¢),- (JN,5)8<G((:N)(1,2,...,N;S)) >

€1 p1,p2,.,PN



Indeed since (GM(xy,Xz,... ,Xn; €)), depends only on differences of coordinates the
Colombeau-Fourier transform

_[ dPx;...dPxy exp(—i Z,-N=1 KjX; ) (GM(X1,X2,...,XN; €)), (7.3.26)

necessarily contains the usual §-function of Zszl kix;. So we can set

AN)
(G (pl,pz,---,pN;S)) =

(7.3.27)
(Zn)D(S(ZJEl k,-) Idel. ..dPxy exp(—i thl k,-xJ-)(G(N)(xl,xz, COXNGE))
A(N)
with (G (pP1,p2, - - .,pN;e)) defined only when p; + p2 +...+pn = 0.For instance
@ . o (0:(K),
(CPMPPe), = 17 o (7.3.28)

gives the amplitude that a free particle of momentum k and mass m? propagates in
fractal spacetime.

7.3.1.The Effective Action

Out of the generating functional we can construct local quantities which lend
themselves to familiar interpretations. For instance,

6Z0s[3]), _ _ Hnehe(a —Xaie)dz0),)

PLP2 (Z0.[3:]), (7.3.29)

5(JE(X), 3(J2(x)),
so that
© . 8(nZo,[3)), _ 0(Zoel3:)),
(o9 x2)) = 500 500, (7.3.30)
(by using Eq.(7.3.21)) satisfies the classical equation of motion
O+m)(pf(xe)), = Ga(0)),. (7.3.31)

In fact, we can use Eq.(7.3.30) in order to replace (J:(x)), in terms of (goé?)(x;g)>g.
Formally it comes down to performing a functional Legendre transformation. Introducing

(Tocloi? 60)1), = (Zosl3e)), = { Q0087 (x36)) ) (7.3.32)

we see by using Eq.(7.3.30) that is independent of (J.(x)),. In this case it is easy to find
the explicit form of (1“o,g[go§c|’)(x;g)])g by replacing (J:(x)), in terms of ((pé?)(x;g)>8. One
finds using Eq.(7.3.21),Eq.(7.3.31) and integrating by parts we obtain

(Toclod 6 8)1) =
~H{[@+m) (ol i) JAr(xa - xaie)),[ @+ M) (0f x2ie)) ])
(o 0c) O+ mi (o (x2)) ) =
(o), O+ (0P 0x0)) )

P1:P2

(7.3.33)

Integration by parts gives the final form



(Toulox2)), = e
4.3.34)
1 Jde.00, [ (0,09 20010 0x2) P (0P x2))*) |,

A very similar procedure can be carried out in the general case V = 0. We form now
5(InZ,[3.]),  6(Z:[3]),

(pa(Xe)), = - S0, SN, (7.3.34)
and try to compute the effective action in general case
(Colpa(x;e)]), = (Z:[3:]), —(@:(0pa(X£)),), (7.3.35)
with now
(J:(¥), = O clpalxe))), (7.3.36)

0(pa(X€)),
as seen by differentiating Eq.(7.3.35) with respect to (¢ (X;¢)),. By the way, we observe
that since (I';[¢a(X; €)]), is an effective action, (7.3.36) is proportional to its equation of
motion comes, from extremizing (I';[¢(X; €)]),. In the V = O case this is obvious from
Eq.(7.3.31).In order to derive an equation of motion for (¢a(X;€)),, we have to write
(Z¥[J.]), in a manageable form. We write

@Y0aD), = Nu [ Dl(0:), ]

exp| 1{00.0%0.), = F(TP =001, +VI(9)) + (0),G.) ]

(7.3.37)
~ N jm)) Dl(¢.),Jexp[ -i(V((02),)), ] %
exp[i<%(6H(pgé’“qo.e)‘E - %(mz —ie)(p?), + (¢8)5(38)5>p]-
Now immediately comes the canonical trick: observe that
L0 — exp[i((0:),(3:),), ] = (0.00),ep[iC(0:),3),),]  (7.3.38)

T8 X)),

and since (J;), and (¢.), are independent variables, the same will be true for any
function (V(¢,)), of (¢.),. In particular

exp[-i((92),30),), Jenil(:),(30),), ] =

(7.3.39)
: 1 S .
exp|:—| <V<T5(T(X))g> >p:| expl:'((‘Pe)g(JS)g>p:|-

This allows us to take the V dependent term out of the path integral



1 o)
@:0), —exp[—'< <| 5 (X)), >> J

NMIQ(M) D[(cos)g]exp[i%(@uqoga“(pg ——(m2 i€)(92), + (9:),(Je )> ] (7.3.40)

_ i 1 ¢
= exp|: |<V< i 5(J§(X))8 >>p:|(zo,e[\]s])g

& P T
Xexp _I2<( S(X )((AF(Xl X2’ E)){,‘) (X ))8>p],P2i|

or

The equation Eq.(7.3.41) will be the starting point of the perturbative evaluation of
(Z¥J.1),. For the moment, we use it to derive an equation for (pa(X;€)), . From
Eq.(7.3.41)

s, ./
Sty oo (gl ) Jrnsona,
_ s s o _ . y
#D. = 'eXp[ '<V< '5(35)8>>pJ<(AF(X X))o, X (7 3.49)
. Y
exp|:|<V<—| oaa) >>j(zzﬂ[ag]>e-

From Eq.(4.3.42) follows that

8(ZY[3:]),
6(JE (X)),

Ox—exp|:—|< ( 5(355) >>p:|(\]g(x))gexp|:i<v<—i 5(5})8)[} (7.3.44)

We can evaluate Ox by means of yet another trick. We set now

(O + m?) = i0x(ZV[3.]), (7.3.43)

where

Ox(4) =

0 S (7.3.45)
exp|:—|/’L<V< 6(Jg) >>p:|(J X)), exp|:—|/’L<V< 6(Jg) >>p:|,

where A € R is a real parameter. Clearly




dox(4) _
.

exp|:—i),<v<—i o >>j[—iv<<—i S >p>,(Jg(x))gJ < (7.3.48) But
[M<V<_i ) »j

s s o — iy s o _
[ |v<< '5(35)8>p>’08(x))5} iV << |5(J5(y))g>p>(5g(x y)., (7.3.47)

where V' is the derivative of V with respect to its argument. Integrating Eq.(4.3.46) over

%)

y, we find
dox(1) _ .\, 5
a7 ( S@RX). ) (7.3.49)
The equation Eq.(7.3.48) is now integrated over A to yield
Oy = Oy(1) = (), - V' (—i 5(J§(zx)) ) (7.3.49)
Hence
S(Z¥[3:]), . v a8 M
Ox + mZ)W = |<(J‘g(x))‘E Y ( [ 5300). ))(Ze [J:]), (7.3.50)
or

O+ m?)(ga(x¢)), = J:(X)), -

i (7.3.51)
(Zy[ng])g (V <_' 52 (x)), D(Zﬁ”mg])g.

The last term clearly resembles a force. For instance, take

V=24 4 (7.3.52) where A is dimensionless. Then

1 [ o) _
@), (V ( @), D(ZSM LeD),

_Lig 1 63(22/'[‘]8])8 _
3@, s(@x,)° (7.3.53)

_ SP(palxe)), S(pa(xe)),
s((E)),)* © X)), |

%[«pa(x;s))g - Silpa(x2))

and finally we get



e+ M) (pa(X€)), =

. 52 (pa(x£)),  ia ed(xe)), (7.3.54)
Q:09), = 4 (PA0Ke)), + 4~ ((‘jg'(x);>2 R

The first two terms on the right hand side of the Eq.(7.3.54) as in classical case, give
the classical equation of motion modified by the last two terms, which must amount to
corrections from the quantum theory.

In the case V = 0, the explicit form of the effective action is, of course, not known but
we can expand it functionally in terms of (¢pa(X;€)), as

Teloa(xe)]), = J.(dps(x))e[—(VE(cocl(X:8)))5 +

(7.3.55)
%(Fg(god(x; £))0upa(X;€)0 pa(X; €)), + higher order derivatives |,

where we take into account now local effects by including arbitrarily high higher order
derivatives of (¢ (X;€)),.We have arbitrary Colombeau generalized functions
(Vi(pa(X%€))),. Fe(pa(x €)) etc., to be determined. (V(+)), is clearly an effective
potential. By expressing (J:(x)), in terms of (pa(X;¢)), using (4.3.54) and integrating
(4.3.36), we obtain that

(VE(pa(x:6))), = A(08(x6)), + T (p3(x;6)), + Oh) (7.3.56)
and
(Fe(pa(x€))), = 1+ corrections. (7.3.57)
Alternatively, we can expand the effective action in terms of (¢« (X;€)), by nonlocal way:
(Celoa(Xe)]), = <<F§N)(1, 2,...,N)(pc|(l;8)(pc|(2;8)...(pC|(N;8)>8>pr2 ..... N (7.3.58)

where the coefficients T8 (X1, %o, ..., xn) are called the proper vertices. They depend only
on the differences Xx; — X; because of translation invariance so that their
Colombeau-Fourier transforms are introduced by

AN)
(FS (pl, P2,..., pN)) (27[)D5(p1 + P2 +.. .+pN) =
g ) (7.3.59)
G dPx;dPx,...dPxy exp[i(piX1 + P2X2 +...+pnXn) 1T (P1,P2s-- s pN)) ,

&€

AN)
where (lﬁE (P1,p2;-- .,pN)) being defined only when the sum of its arguments

&

vanishes.

7.4.Saddle-Point Evaluation of the Path Integral in

negative dimensions.

We start from the Euclidean space definition of the generating functional in negative
dimensions



(Zel3:D), = Ne[ . Dl(p), 1 (-Sel(p.),,(3),]r =Ne[ . Do), ]

D
gD (7.4.1)

exp[—<%(5u%5p%)g + %m2((0§)8 + (Ve(9:)), — (¢5)8(35)8>J
where
(Sel(@:),, (e, ]), = <%(éu<pgéu¢8)g + %mZ(qu)g + (Ve(9:)), — (¢8)£(Jg)g>p (7.4.2)

Remark 7.4.1. Note that in Eq.(7.4.1) in contrast with Eq.(7.3.4) and Eq.(7.3.5), we
integrate over full Colombeau algebra G(RY).
We then expand the action around a field configuration (¢o:(X)),

(SE[((P.&‘)g! (‘]8)8])8 =

0SE _
(Sel(P0),r (), ), + < S, PO ‘P%(Xl))s>p ¥ (7.4.3)

l< 52Se (@:(X1) = @0,:(X1)) (@:(X2) — ¢o,s(xz))g>
2\ 6(9:(%1)),0(p:(X2)),

with the functional derivative evaluated at (po:(x)),. We take (Se[(¢:),,(J:),]), to be
stationary at (¢o.(X)),, which means that (po.(X)), obeys the classical equations of
motion with the source term

p1.p2

O0SE 0,0
— =t = —(a 0 (DE(X)) -
3(9:(X)), (9e),~(Pos), o ’ (7.4.4)
(aﬁé’fééf—) éyq)e(x)) + MA(P2(X)), + (Vi(9a(X))), — (Ja(X)), = O

It follows that after integration by parts

(Sel(90.),,(3),]), = = J.dDX(pg(X))E((Z— 9o d(,?og )(Jg(po,g +vg((po,8))) - (7.45)

while

5ZSE _ | A7 _ éupS 3 2 1 D _
5(010) 0(020). —[ 010y ( 0 86#+m + (Ve (@1e)), [0°(X1—%2) (7.4.6)

is an operator. By using formal approuch of the saddle point evaluation, the generatin
functional now becomes

(Ze[Je]), = Neexp{-Se[(pos), (Je), 1> IQ(RD) D[(¢:),] x

1 52Se >
€ —5 & ¢ N
Xp_ 2 <((Dl, )g 6(([)1,5)86((02,5)8 (¢2y )8 plysz

Ne exp{-Se[(po.) ., (Je), I} %

R 2
({det 840 — %aﬂ + 1 + Vi(po:) Jél,z(g)}

(7.4.7)

Where the Gaussian integral in Eq.(7.4.7) with the formal result is



1 6%Se _
J.g([rg)'?) D[((Dg)g] eXp|: 2 <((Dl'£)‘g 0(Q1e) 0(p2e), (¢2Y£)8>p1,p2:|

3,0 Oupe A 1
Ig(mg) D[((Ps)g]exp|:—8#6# - ( ;‘)’j )la# + m2+Vg((p1,g):| _ (7.4.8)

&

— _1
({det[—éuéu - OPe 5, R 4 Vi) }51,2((9)} 2 ) -

Clearly this expression needs some getting used to. We can rewrite it in a slightly more
suggestive form by using the identity

(detM,), = (exp[TrInM,]),. (7.4.9)
Therefore

(ZE[Js])g = N/Eexp{_SE[((DO,E)g’(JE)g] -

o Bupe 7.4.10
%(Tr In[ {—aﬂaﬂ - %a# + m2+VZ((oo,g)}51,2(e):D } ( )

which clearly Indicates we are computing corrections to (ZE[Jg])g.The first term

Sel(poe),, (Je),] gives the classical conribution to the Green’s functions (remember
Dirac’s identification). The next term, of O(#), gives the first guantum correction to the
Green'’s functions.The determinant of an operator is understood to mean the product of
its igenvalues. We start by computing the classical contributions to (Zg[J,]),.First recoll
that (¢o.),, being the solution of (7.4.4), is a functional of (J;),. The procedure is
therefore very simple: (i) calculate the functional dependence of (¢o:), on (J;),, (ii)
insert it in (7.4.5) and, (iii) by comparing the resulting expression with the expansion
(7.3.25), extract the Green’s functions GN(1,..,N). The best case do this using
perturbation theory. Specifically, take the potential and expand around A = 0.We set

(20:00), = (07 0) +2(0L)) +22(02()) +.. (7.4.11)
thus
(Sel(Je), D), =
~L [(@®p:00),[ @), ((0200)  +2(900)_+22(p2(0) +...)
75 ((0900), +2(p ), + #(pP ), +..)" | - (7.4.12)

~L [(@®p.0),0), (070) -
A @ 1 ©) 4
2 [@pe9),[ 3, (0200) + & ((0200) )" |+ 0022,
We define now the Euclidean Greent’s function in obvious notation:

= Bups
(auau - /g_/’ _ m2> (Gexy), = ~(624), (7.4.13)

&€

it follows that



(go‘(eo)(x)>g - <(Gg,xy‘]s,a)g>pa - <(G8’Xy)8(J8’a)5>Pa

(9209) , = =2{Guxy),(Guya), (Geyp) ,(Goye), (o) s (Je0) (o)) oy ppyr (141D
etc...
Thus
(Selda), ), = —5((Fea),(Gean),(Beb), ), +
A
I((Gg,xa)g (Gg,xb)g (Gg,xc)g (Gg,xd)g (\]g,a)g (\]g,b)g (\]g,c)‘E (\].ﬁ:,d)‘E >PanPcPdPx - (7 4 15)

32:24| <(G£,Xa)g(GE,Xb)g(GE,XC)g(Ggyxy)E (G‘;yd)‘S (G‘gyye)‘E (GS,yf)g X
(Jea) ;(Jeb) (Jec) . (Jea) ;(Jee) ((Jzf) )

PapbpcPdPepipxpy’

Correspondingly, the (connected) Euclidean Green'’s functions are given by

N) . _ SNZE[J,]
(Gt (xl,...,xn,g)>g - (5351(x1)...5J§N(xN) ) (7.4.16)

where
(Ze[J:]), = Neexp{ (-ZE[J:]), }- (7.4.17)
In this classical approximation we find the connected Green'’s functions to be
24D -|aj]
(GP(R1,%2i6)) = (G(Ru.Xzi¢)), = Y(D.D)(F5) "7 | zom(mn), (7.4.18)
& 2

see Eq.(7.2.26),
<G(E4)(X1,X2,X3,X4;g))8 -
—lfdDy(G(xl,Y;e))g(G(Xz,V;s))g(G(Xs,Y;e))g(G(X4,y;s))g,
: (7.4.19)
(G(E)(Xl’XZ’X&X%XS,Xe;8))8 _

2,2 J. dDXdDy(G(Xl, XZ, 8))8(P(X1 y, X11X21 X31X41 X51X6; 8))5

where

(P(X’Y! {Xi}; 8))3 =
3 (GORR ), (G £)), (B X)), (B %:6)), (G i), X (7.4.20)

(G(¥,Xn; €))

where the sum runs over all the following values of the triples, (ijk) = (123),(124),(125),
(126),(134),(135),(136), (145), (146), (156), with (Imn) assuming the complementary
value, e.g., (Imn) = (456) when (ijk) = (123). Note that ijk runs only over half of the
possible values. This is because the expression for P(-) is symmetric under the
interchange X — y.In this classical approximation and to order A? these are the only
nonzero Green’s functions.

The momentum space Green'’s functions, defined by



AN) 5
(GE (P1,---, pme)) = (2m) o(p1,---, PN) X
(I dDXl---_[dDXN expli(piX1 +.. .+pNXN)]G(EN)(X1,...,XN;3)> = (7.4.21)

I dPx;. .. I dPxn exp[i(p1X1 +. .. +PnXn) ] (G(EN)(xl ..... XN; s)) g

7.5.Power-counting renormalizability of P(¢),- scalar field

theory in negative dimensions D~.
Consider a free scalar field with action in negative dimensions D~ = D(a — 1),a < 0 :

(SO,S)E = _% (IRD dQs(X) ¢8(X) P(D) ¢g(x) ) ., (7 5 1)

where ¢ = [(¢:(x)),] € GRP),[(¢:(X)),.] € G(RP) and P(-) is a polinomial.
Definition 7.5.1. Assume that (i) (¢.(x)), € G(RP),¢ € G(RP) and (ii) there exist
Colombeau generalized function <(;58(k)>£ € G(RR) such that

(9:00), = ( I o 92:(K) (k) eik'X) = (2n)® fRD(dgg(k))S(J)g(k))geik*, (7.5.2)

and
(9:00), = (IR do:(x) ¢g(x)e“k'X)g = j RxD(dgg(x))g(d)g(x))ge‘ik'x. (7.5.3)

Then we will say that: (1) <‘7’~“(k)>e is Colombeau Fourier—Stieltjes transform of the
field (¢:(x)), with weight o and abraviate

(6.0) = (F9),[(¢:(0),]1(K), (7.5.4)

(2) (9:(X)), is inverse Colombeau Fourier-Stieltjes transform of the field ((?Sg(k))g with
weight (¢.), and abraviate

(#:00), = (FS),'[ ($:00) , ] . (7.5.5)

Definition 7.5.2. We will denote:

(i) the set of the Colombeau generalized functions (¢g(k)) e G(RR) which is
Colombeau

Fourier—Stieltjes transform with weight ¢ by ((TS) [G(RP)] or by G¥ e (RR)

(ii) the set of the Colombeau generalized functions (9:(X)), € G(RY) which is inverse

Colombeau-Fourier—Stieltjes transform with weight ¢ by (FS)™[Gx(RP)] or
GO (RD).

(i) Note that we assume that in both cases (i) and (ii) the Eqs.(7.5.2)-(7.5.3) are
satisfies.

Remark 7.5.1.Note that G¥9:(RP) x g¥9:"(RR) is the linear topological subspace

Definition 7.5.3.The free partition function (Zo.[J.]), in the presence of a local source
(J:(X), € GRY) is



(Zoe[3e]), = (J.(%)Eeg(fs)gl(w)[D(¢g)] exp{i[So,g + IRE gg(x)Jg(x)d)g(x)]}) 2

&

(7.5.6)

J o) oot [P@.] @P{[(S00), + [ (000),3:0), 600, ]} =

[D(¢:), 1€

I (40,6679 ®D)

Using now the definition of the D-dimensional Colombeau-Dirac distribution with
nontrivial Colombeau-Stieltjes measure (dg.(k) ),

(60.(K), = O " do:(K) eik'X)g = J-RE(ng(k))geik'x (7.5.7)
and Eqgs.(7.5.2)-(7.5.3) we obtain

(Sa.), =
3 @00,

I (dQS(kl))e (ng(kz)) gl(kutka)x
s 0P Jap (2n)P

[-((@.00),) (30,0 ((3.k))
+(Tek),(3.02) + Qeka)) (3, k) ]} =

- 5[ ER () )@y (Fw) )+ ase

<<Ja<—k>> )(3.00),+ (3:00) ((3.0),) . ]
B 1J‘ (dQe( k))

~ ()P
|:—<('(758(—k))8><<f(—k2)>8> (@.00)) + << o(= k()f>( >kg)<)~] «(K) ) :|
(’(Bg)g = <58(k)>£_ % (f ( k )) (P( k ) +|8)

Thus Eq.(7.5.6) becomes



(Z(),g[\]g])‘S =
{I #9951 nD [D(%)g] X
(9:),€G" 7¢ (RR)
i (do:(k),
exp|:_|§ IRE (@2n)P (<¢ (-K) )((f( k?)) )((¢ k) )}}

(7.5.9)
gl 4 [ (K, (A4 ) (Q:tk) )
| 2)e @ )
_ i ek, (Qul) )(C:00),)
= Zo[0] eXD|: 2 IRD (2r)P (f. (- kZ))
Therefore the exponent in Eq.(7.5.9) can be written as
[ Lok, (Quk) ) (Ce®),) _
D D 12
R (2r) (f-(-k%)), ( . k)) )((J (k)> > (7.5.10)
(dos(=k), o (@
Jp —mp [ (@000 [ (o) ek o
so that, if (¢:(-K)), = (dg:(k)),, the free partition function reads
(Zo:[I]), =
i (7.5.11)
((Zo,s[O])e)eXD[g J.RD((dQs(X))s) IRD((dQs(y))g )P0 ((Cm(X—y; 8))5)Js(y))gJ
where
o _ 1 glk-(¢-y)
Gu(x=:2)), = 75 IRE(d(Qg(k)) R (7.5.12)

Thus, we have recovered the usual definition of the propagator as the solution of the
Green equation in negative dimensions D~ = D(a - 1),a < O :

(PO Gm(x-Y:€)), = (6o.(X=Y)),. (7.5.13)

In the following, we proceed with the conventional (perturbative) evaluation of the
Euclidean Green'’s functions. We start from

(WE[.]), = exp{(-ZE[]),} = N | [D(g),] %

(60,2679 ®D)
op{- [ ((de.00),) » (7.5.14)
[ (@090 ,)(@9),) + S, + (V($2)), ~ 3o |

where N is an infinite normalization constant. The connected Euclidean Green’s
functions are given by

) SNZE[J,]
(G0, X0 8)) = (53 D). 5Jg(xn))8' (7.5.15)

They will be calculated by perturbing in the potential V. Using now the standard trick, we
obtain




(WelJe]), =

(7.5.16)
N exp(<—<v<5i\]8) >)£) exp((Z5.[3:1),)
where
(Z5:[3:)), =
7.5.17
—%UE(X)AF(X— Y:€)de(Y))yy = —% _[ 5 dDX_[ 5 dPy(J:(X)Ar(X - y; £)I:(Y)), ( )
RY RP
and
(Axye) =
glk-0y) (7.5.18)

(Ar(X-y;£)), = [IRCAON

(2n )D p?+m?’

where p? = 25:1 pZ. An simple algebraic rearrangement gives
(Z5[3:1), = —InN+ (Z5,[3:]), -
5 (7.5.19)
In(l +exp[ (Z5,[3:]), ] {exp[—<v( =5 >8> } - 1} exp[—(ZEg[Jg])gD

which is ready for a perturbative expansion in the potential V. If we let

@2, = {ew[ (V(F) ) | -1} eel-@5.0, ] (4.5.20)

we obtain the expansion
(ZF[3:D), = —InN + (Z5,[3e]), — (3:[Je]), + —(52[J D, - i(53[J Dy+... (7.5.21)

In particular for V = ﬁ‘ﬁ’ we can expand (Z£[J.]), in powers of the dimensionless
coupling constant A. Setting

(6:), = MO1e), + A%(82¢), + A3(83¢),. .. (7.5.22)
we obtain

(ZE[3.D), = ~InN + (Z5.13.)), -
ME1:13:1), = 27 (B243:D), — 5 (62.03:D), | - (7.5.23)
23 (03[3:1), = ((Bra[3D),) (B2e[3:1),) + 2 (GL1D), | +.-.

By expanding the exponential in (7.5.20) we obtain

(B2013:1), = =g ep((@5.13.D),) 5 J4) exp(~(Z5,13:1).) (7.5.24)
and
(525[J De =
__1 54 -~
24y exp((Z5,[3.]) )< 50T >< S, >exp( (Z5,[3.D),). (7.5.25)

etc. ...



Using the explicit form (7.5.17) for (ZCE,YE[JE])‘g , We obtain

(51,8 [\]8]) . _Ll [((Axa;gAXb'sAxc,gAxd'sJa ng .&‘\]c,.9~]d,.9>)‘E +
6(<AXX;5Axa,sAszJae\]bs>) + 3(<AX)C8>)8]

(7.5.26)

where all variables x,a,b,c,d, are integrated over in the relevant (... ). Similarly, we
evaluate (62.), in a slightly trickier fashion: we note that:

_ 1 E 5% _(7E
(0D, = ~5hr o0 (@) (557 ) eP(-@EaD). 752

By inserting exp((Z5,.[J:]), ) exp(—(Z§.[J:]),) in the middle of (7.5.25). Next the
expansion

5(34) exp(—(Z5.[3:1),) =
s*exp(—(Z5.[3:1),) N 453exp(—(ZEg[Jg])8) S +66Zexp(—(Z5S[Jg])g)
5(3%), 5(33), 0(J:), S(JE)S

a sexp(—(Z5.[3:1),) &3
5z, 5(33),

(7.5.28)

+exp(—(Z5,[3:1),) W)

allows us to write

(82:13:]), = 36%,), -

s*exp(=(Z5,03:)),) s
2(4|) exp((Z 8[J€])g><(4 6(‘]is)g 5(J1,8)g i

s2exp(—(Z5.03:1),) &2 +456Xp<—(ZEE[J8])8> 5, (7.5.29)
8(3%,), 5(32,), 5J1e), 5(32,).

exp<_(z g[Je]) >5(J4 ) >> (51,8[‘]8])3

Comparison with the expansion (7.5.23) for (ZE[J.]), shows that the "disconnected”
part %(558)8 drops out. By disconnected we mean a contribution which can be written as
the product of two or more functionals of (J;),. This concept will become obvious in the
diagrammatic representation. The fact that (Z5[J;]), generates only connected pieces is
true to all orders. For example, the order A2 contribution in (7.5.23) is connected: write

(830, = =3 (@P((Z5.[3:1), ) VaVyVaexp(~(Z5,[3.)),) )
~3-([ep((Z5.10:1),) Vxexp(~(Z5.19.]),) ]

[exp((Z5.13:1),) Vyexp(—(Z5.[3:]),) ]
[exp((Z5.13:1), ) Vexp(~(Z5.[3:D),) 1),

L ([exp((Z5,0:D), ) Vxexp(~(Z5,13.0),) ] %
[exp((Z5.13:]),) VyVexp(—(Z5.13:1),) ] )Xyz +(85,),

In the above (65,) and (65,), stans for the connected pieces. To arrive at this form,

xyz

(7.5.30)



we have used the fact that there are only two types of "disconnectedness": all three x,y,z
disconnected, and only one disconnected from the other two; and there are three ways
to obtain the latter possibility. The parentheses in (4.5.29) serve to shield other terms
from the action of the derivative operators within them.It follows that the term appearing

in the expansion of (Z£[J.]), can be rewritten using (4.5.30) in the following form
(330), = (01:),02), + 5 (510), = (85,), + 3 (BL0), + (61),(65,), -
1 1 (7.5.31)
(610),((63), + 2(63), ) + $@%.), = 65.),.

Now, the explicit evaluation of the connected part of (52.), yields, save for the (J;),-
independent part,

(8%,13.]), = %(<Ja;gAaxg<%A§y,g + %AWAWAXW)Ayb;ng;g>xya) +

&

% ((‘]a;SAa)CSAyy,SA)Z(y,gAXb;SJb;S>Xyab> . +
% ((\]a;gAax;eAxxgAyy,eAxy,sAyb;eAyt:sAyd;eJb;ch;eJd;g>xyabcd> R + (7.5. 32)

3 2
m ((Ja;gJb;sAa)chbx;sAxy,gqusAyd;ch;st;g>xyabcd> . +

1
2(31)?

((Ja;eJb;gJc;sAangbxeAc>cgAxy,eAyd;sAyeeAyf;sJd;eJe:EJf;s>xyabcde> .
The resulting connected Green’s functions follow from Eq.(7.5.15)
(G(Ez)(xl,X2;8)>8 = A(X1 — X2;¢€) —
4 [ PY(A0 ~ i AV - ViAWY ~ Xzi2)), +
’%2 IdedDy(A(xl — X €)A3(X—Y;€)A(Y — X2;6)), + (7.5.33)
’172 I dPxdPy(A(X1 — X, £)A%(X = y; £)A(Y - ¥; €)A(X — X2; €)) , +
A% [ 4Dy D
a I d°xd°y x
(A(X1 = X &) AX = X £)AX = Y; €)ALY — Y; €)ALY — X2; €)), + (0:(A%)),,

(G(E4)(X1,X2,X3,X4;8)>E =
- I dPxdPy(A(x1 — X; £)A%(X2 — X; ) A(X3 — X; €)A(Xa — X €)), +
’172 IdedDy(Az(x— Y;€)), x
[(A(X1 — X, €)A%(X2 — X; £)A(X3 — Y; €)A(Xa — Y; €)), +
(AX1 =X €)A(X3 = X €)A(X2 = Y, €)A(Xa — Y, €)), + (7.5.34)
(AX1 =X €)A(Xa = X €)A(X2 = Y, €)A(Xa — Y, €)) ] +
A2 [ dPxaPy(AY - Y;)AX - ¥; ), %
[((A(x1 — X £)A(X2 — X; £)A(Xs — X; £)A(Xa — ¥; €)), + Cyclic permutations | +
+0:(4)),,



and finally

<G(E6)(X11X21X3’X4’X5’X6;8)>5 = AZJ-dDXdDy(A(X_y;‘g))g X

Z(ijk)(A(Xi - X; 8)A2(Xj =X &)AXk — X &)AXI — Y; €)A(Xm —Y; €)A(Xn — Y, €)),+

+(0:(2%)),.

where the sum in the last expression runs over the triples

(7.5.35)

(i) = (123), (124), (125), (126), (134),(135), (136), (145), (146), (156), with (ton) assuming

the complementary value, i.e., (Imn) = (456) when (ijk) = (123),etc..The remaining

Green’s functions get no contribution to this order in A.It is straightforward to derive the

p-space Green’s functions, using the canonical expression
AN b
(GE (p]_, ceey pN;é‘)) = (271') 5(p1, ceey pN) X
(I dPx;. ".[dDXN expli(p1X1 +. .. +pnxXn) IGEV (X4, . .., XN; g)) =

&€

I dPx;... I dPxn exp[i(p1X1 +. .. +PnXn) ] (G(EN)(xl, XN s)) .

Finally we obtain
A2)
(&' @pio) -

1 _
(PP + ) (P +mP)

_A 1 d®q 1 N
2 (P +e) (p2+m?)? Y (20)° (! +z) (g7 +m?)
A? 1

76 (pP¥Ipz + )2
d°q: d°g2 dPgs 8
(2m)® (2r)° (2r)°

S(p— 01— 02— gs)(2n)°

QelP+2), (1P =), (P +2) (@8 + M) (@B + M) (@G + P)

22 1 dPq 1 y
4 (PP +e) (p2+m»)? Y 2m)° (o + &) (g2 +m?)
I d®l, J' dPl, v
m)° 7 (2r)°
2m)Ps(l1 - 12)
1P+ &) (12”1 + &) (17 +m?)(15+m?)

+

A2 1 d°q 1 1
4

+ x
(¥ + &) (p2 +m2)? ¥ (2m)° 1gPFI(g? + m?) |p[Pll(p? + m2)?

d®l 1 3
@0 (P o) @y e

and

(7.5.36)

(7.5.37)



A4
(GE (pl,pz,p3p4;3)) =

&€

H4 L A+ A2 d°q 1 X
= (Ipi + £) (pF + ) 27 @07 (P +e) (o7 +m?)

3 1 L2 dPar dPap (7.5.38)
(loiP" + ) (p2+m?) 2 7 (21)° (2r)°

(21)° 3, 6(d1 + 02— pi — pj)
([P + &) (af + m?) (Ja2|” + &) (g5 + m?)

} +(0:(13)),.

In the last expression, the sum ij runs over (ij) = (12),(13),(14) only.

Remark 7.5.3.Note that Fourier transform in Eq.(7.5.36) meant integration in sense of
generalized function, i.e. an regularization is needed.

Remark 7.5.4. We aply Gel'fand regularization [40]. Note that the wollowing equality
holds

[ rromar = j;l r[p(r) - p(0)]dr + j: rp(rydr + 20 (7.5.39)
where -2 < Rel < —1.Similarly as Eq.(4.7.39) one obtains
»_ o) _ (" Lo(r) —9(0)] » _omdr 90
jo ) olr_j0 IR dr+jr1 GRS (7.5.40)

7.6.Power-counting renormalizability of Einstein gravity in

negative dimensions.

In the context of quantum field theory, the main obstacle against perturbative
renormalizability of Einstein’s theory of gravity in D* = 3+ 1 dimensions is well known
[37].

The main problem is that the gravitational coupling constant Gy is dimensionful, with a
negative dimension [Gn] = —2 in mass units. The Feynman rules also involve the
graviton propagator, which scales with the four-momentum k, = (o,k),u = 0,1,2,3

schematically as 1/k?,where k = yo? — k?. At increasing loop orders, the Feynman
diagrams of this theory require counterterms of ever-increasing degree in curvature. The
resulting theory can still be treated as an effective field theory, but it requires a UV
completion. An improved UV behavior can be obtained if relativistic higher-derivative
corrections are added to the Lagrangian (see [38] for a review of higher-derivative
gravity). Terms quadratic in curvature not only yield new interactions (with a
dimensionless coupling), they also modify the propagator. Schematically, one gets
k_12+k_12GNk4k_12+k_12GNk4k_126Nk4k_12 b= kZ——%stL‘ (7.6.1)

At high energies, the propagator is dominated by the 1/k* term. This cures the problem
of UV divergences, and in fact the calculations in Euclidean signature suggest that the
theory exhibits asymptotic freedom. However, this cure simultaneously produces a new
pathology, which prevents this modified theory from being a solution to the problem of
guantum gravity: The resummed propagator (4.4.1) has a two poles,



1 1 1
K2-Gnk* K K-1UGy' (7.6.2)

7.7.Power-counting renormalizability of Horava gravity in

negative dimensions.

Let P(¢)3,, be scalar quantum field theory in (d- + 1) dimensions, where d- < 0,
containing up to 2z spatial derivatives of the d- < 0 dimensional spatial metric. We
remind that for the P(¢)§-,, scalar quantum field theories each loop integral has
dimension [x]% *?, while each propagator has dimension [«]%. To analyze the
superficial degree of divergence one need only consider the one-particle-irreducible
(1PI) sub-diagrams of the Feynman diagram. For each such 1Pl sub-diagram the total
contribution to dimensionality coming from loop integrals and internal propagators is
[x]@ 222 ‘which is summarized by saying that the “superficial degree of divergence” is

0=(d+2L-21z=(d -2L-2(1-L)z (7.7.1)

Note that the quantity | only counts the propagators internal to the 1PI sub-diagram.
But to get L loops one needs, at the very least, | internal propagators. So for any 1PI
Feynman diagram we certainly have

0 < (d-2L. (7.7.2)
Consequently, if one picks d- < Othen
0 <0, (7.7.3)

and the worst divergence one can possibly encounter is logarithmic. This observation is
enough to guarantee that the non-normal-ordered P(¢)3—., iS power-counting
renormalizable, and to render the normal-ordered : P(¢)3—.; : power-counting finite.
Furthermore if one takes d- < 0 this discussion is sufficient to render P(¢)3—,, (with or
without normal ordering) power-counting finite.

Turning our attention now to a d- < 0 variant of Hofava gravity in (d- + 1) dimensions,
(containing up to 2z spatial derivatives of the d- dimensional spatial metric), one obtains
the same power-counting for the loop integrals and the propagators — the difference
now lies in the graviton self-interaction vertices. While the vertices for the scalar field
theory carried no factors of momentum, for Hofava gravity and its variants the graviton
self-interaction vertices arise from a perturbative action of the form

S~ j{hz + P(VZ,h)} dtddx, (7.7.4)

where P(V#,h) is now an infinite-order polynomial in the graviton field h, which contains
up to 2z spatial derivatives.

In contrast to the scalar self-interaction vertices, the graviton self-interaction vertices
thus contain up to 2z factors of momentum. If these are external momenta they do not
contribute to the superficial degree of divergence. However internal momenta, and for
any 1PI Feynman diagram with V vertices there can be up to 2zVfactors of internal
momenta, do contribute to the superficial degree of divergence. Consequently we now
have the inequality

0<(d+2L+2z2V-1)=(d —-2L+2z2V+L-1). (7.7.5)
But as always, Euler’s theorem for graphs implies



V+L-1=1 (7.7.6)
so that
0<(d-2L+2z (7.7.7)
For |d~| > z one simply has
0 <0. (7.7.8)

8.The solution cosmological constant problem

8.1.Einstein-Gliner-Zel'dovich vacuum with tiny Lorentz
invariance violation.

We assume now that:
(i) Poincaré group of momentum space is deformed at some fundamental high-energy
cutoff A, [9],[10].
(i) The canonical quadratic invariant ||p||? = n?paps collapses at high-energy cutoff A,
and being replaced by the non-quadratic invariant:
2 __ N%papy
Pl = G oy (8.1.1)
(iii) The canonical concept of Minkowski space-time collapses at a small distances
lA. = A3l to fractal space-time with Hausdorff-Colombeau negative dimension and
therefore the canonical Lebesgue measure d*x being replaced by the
Colombeau-Stieltjes
measure with negative Hausdorff-Colombeau dimension D~ :

(dn(x,€)), = (Ve(s(x))d*x),, (8.1.2)
where

(Vva(s00)), = ((s001PT+2) ™) |
S(X) = /XX,

(8.1.3)

see subsection VI.3.
(iv) The canonical concept of momentum space collapses at fundamental high-energy
cutoff A, to fractal momentum space with Hausdorff-Colombeau negative dimension
and therefore the canonical Lebesgue measure d3k,where k =(ky,ky,k,) being replaced
by the Hausdorff-Colombeau measure
A(D)d®’k  A(D*)A(D)pPidp
(kIPT+e) (P T+a),

iy 2 D*12 _ _
where A(D*) = F(D72) and p = K| = /Kkx+ky + k.
Remark 8.1.1.Note that the integral over measure d° Pk is given by formula(6.3.32).
Thus vacuum energy density ¢(D*,D~, uet, ps«) for free quantum fields is

e(D*,D7, peit, Ps) = &(uerr) + £(peit, Px) + E(D*, D7, peit, Ps ). (8.1.5)
Here the quantity e(uet) is given by formula

do Dk 2 , (8.1.4)




Heff
e(uett) = 2(27]r-h)3 Io d/,tf(‘u)| I k% + 2 d3k =

ki< u
[ (8.1.6)
Heff Heff
KI duf(u) f p? + u? p*dp = KI dﬂf(u)f p? + u® p2dp
0 0
p<u 0
where K = (22’;1)3 ,C = 1. The quantity e(ues, P«) IS given by formula
T
Heif
&(uar,Ps) = 2(271;1)3 jo duf(w) [ k¥ P dk =
<[Ikl|<p-
» pellep (8.1.7)
K[ “duf) [ o7+ u?pPdp
0
p<lIk]|<ps
The quantity £(D*,D~, uet, P«) (since Eqg.(1.1.18) holds) is given by formula
(D, D7, et  px) =
K[ " () x
0 (8.1.8)

2 412
wela, 1 poR, 2 2 D*,D-
| + + (kP +p2) |do Pk,
1- 23 11— 22 ‘/1— 2|2
k>p*|: Holx, 1-pelg, U7V,

where K' = 1 7.c=1
2(2rh)
Remark 8.1.2. We assume now that p?13. < 1,u%%. < 1and therefore from
Eq.(8.1.8)
we obtain

e(D*,D7, ueit, px) =
I fowedn [0k [t [ Prdeek B9

Ik l1=p- Ik 1=p-
From Eq.(8.1.9) and Eq.(8.1.4) we obtain
e(D*,D7, peir, Ps) =
Kl | ;’e” fptdy | d®Ok+K :e” dufu) | K7+ uZ POk =

Ik l1=p- Ik l1=p-

(K’lAA(D+)A(D‘) I Ze“ fdu(u)ﬂ2> f: J:%

mpD+—ldp - (8. 1. 10)

(PP T+ e),
(K1A8@)a0) [ fou?du) [~ oo tdp+s

+KADAD) [ dufe) [ o+ u2pP 0 2

+K'A(D*)A(D") jséf duf(u) j:

Remark 8.1.2.We assume now that:



D-+D"+2< -6. (8.1.11)
Note that

Heit w o Heit o 2
[ duf) [ o7 o0 tdp = [ o) [ 14 £ p 0 dp =
0 Ps 0 ps p

Heif o e Heff o A+

J " fandu [ pPeodpe 3 [ " fGuuPdu | poertdp-

0 P« 0 P

5 J, feoutdu [ 0 3dp+ O(p2 ) = (81.12)

pp b+l Heff pP+P” Heft 2
D-+D +1 Io (wdu+ 55557 -[o fpusdu

p*D_+D+_1 et -
B 8(D~+D*-1) IO f(u)pu*du + O(pPP"4).

Thus finally we obtain

e(D*,D7, peit, Px) =
K/pD+0™+1 e . . ~ Heft 9 pP +P"
mjo f(u)du + ([K I, A(D*)A(D™) +0.5] fo f(uu du) DD~ (5.113)

__ KpP 2 Helt 4 D+D*-4
SO D D))o Tkt OpE ),

Remark 8.1.3.Note that (see Egs.(1.2.12)):

E(pest, Px) = e(uert) + e(pest, Px) =

Heft Heft Heft

%Di‘ f f(u)du + %DE f f(u)udu + (Cl - % |np*) f f(u)utdu +
0

0 0

Heft Heff Heft
+% j f(u)pt(Inp)du — (p—lz) 3—12 { f(u)pbdu + O( f f(u)u8>p*5-

0 0

(8.1.14)

From Eq.(8.1.5),Eq.(8.1.13) and Eq.(8.1.14) finally we obtain

e(D*,D7, teft, Ps+) = e(esr) + (e, Px) + E(D*, D7, test, Ps) =

Heft Heft Heft

%Di‘ f f(u)du + %DE f f(p)u?du + (Cl - % |np*) f f(p)utdu +
0 0 0

Lett Left Lt (8.1.15)
& [ twontinwda- (% )5 [ foudu 0< J f(u)u8> =
’ +O(p*D+(|)3++2)_ ’
The pressure p(D*,D, u«t, p«) for free scalar quantum field is
P(D*, D7, peit, P+ ) = P(uest) + P(iest, P+ ) + P(D, D7, prest, Ps). (8.1.16)
Here the quantity p(uet) is given by formula



p(uar) = & | 0 duf(n) | (8.1.17)

2p4 2 dp.
Ipl<u VP™TH

The quantity p(uet, p«) is given by formula

Puer,pr) = I:Eﬁ dufw) [

Pt 4
- p.
utplizp. VPP H M

The quantity p(D*,D, uet, P«) IS given by formula

_ orH 4
pD".D" ptar,p) = A5 [ " [ ) —=P=dp (8.1.19)
Ipl>p- P+ u

(8.1.18)

1
2(2nh)3’
Remark 8.1.4.Note that (see Egs.(1.2.12)):

where K' = c=1

Puest, Px) = Puert) + P(ueft, P<) =

Heft Heft Heft

1—12pi‘ f f(u)du — 1—12|03 f f(u)udu + (Cz + % |np*) f f(u)utdu —
0

0 0

Heft Heff Heft
_% j fu)u(Inp)du + (%) 3—12 f f(u) Oy + O( f f(u)u8>p*5-
0

0 0

(8.1.20)

From Eq.(8.1.15),Eq.(8.1.19) and Eq.(8.1.20) similarly as above finally we get
p(D*, D7, uet, Px) =

Heft Heff Heff

1—12pi‘ f f(u)du — 1—12|03 f f(u)udu + (Cz + % |np*) f f(u)utdu —
0 0 0

. B » (8.1.21)
_% j fu)u(Inp)du + (%) 3—12 f f(u) Oy + O( f f(u)u8>p*5 +
0 0

0

+O(p? *P"2).
Remark 8.1.5.We assume now that:

Het Het Heft

J fandu = [ tGouPdu = [ foutdu = 0 (8.1.22)

0 0 0
From Eq.(8.1.15),Eq.(8.1.21) and Eq.(8.1.22) finally we get

¢ £ &(D*,D7, yer, ps) = f(u)pt(Inp)du + O(p3?),

foe] (=
o'—;;f

(8.1.23)

f

p £ (D*,D7, uar,ps) = — f(u)u*(Inu)du + O(p:2).

foe] (=
o'—;;f

Remark 8.1.5. The fine tuning assumed by (5.1.22) is a problematic in order to obtain
the



mass distribution f(x) wich gives an observed value of ¢.
Remark 8.1.6. Note that the Eq.(5.1.23) can be obtained without fine-tuning

(8.1.22) which was ussumed in Zel'dovich paper [1].
In order to obtain Eq.(8.1.23) ander strictly weaker conditions we assume now that:

(i)

[f(e, Pl = fam (i, P) + Fom (P = (i) ™ (8.1.24)
where u% = pai(p«), N =n(p.) > 0is an parametr, fsm (1, p«) corresponds to standard
matter and where  fgm (1, p«) corresponds to physical ghost matter,see Eq.(1.2.2).

(ii)

et et
l1 = pi I f(u,p.)du = 0,12 = p2 I f(u, ps)pu2du = 0,
0 ) 0 (8.1.25)
Hest
ls = Inp. [ f(u,p.)u’du ~ 0.
0
(i)
e
litla+ls| < If(y,m)y“(lny)dy . (8.1.26)
0
Finally we get
et
¢ = &(D*,D7, it  Ps) = % f f(u, p)p*(Inu)du + O(pz?),
0 (8.1.26)
Hest
p2 (D".D par.p) = —5 [ f(upu(Inpydu + O(p:2).
0
8.2. Zeropoint energy density corresponding to a
non-singular Gliner cosmology.
We assume now that
Kt et Hest
~ 4 2
{ f(u,p.)du = O, j f(u, p.)utdu < O, j f(u,p.)u?dy > O, ©.2.1)

P > fhegs-

From Eq.(8.1.15),Eq.(8.1.21) and (8.2.1) we obtain



€= 3<D+7D_7ﬂ;ﬁ’p*> =

Hef Mt
%DE f f(u, ps ) p?dp — (Cl— %lnp*> I f(u, pa)ptdu | +
0 0
Mt Mt
+1 f(u,p*)u“(lnﬂ)du—(p—lE)s—lz [/ P yusan (8.2.2)
0 0

et
+0| [ f(upou® |pis+
0
+O(p9*+D*+2)’
and
p 2 p(D*,D" . p.) =
Het Hegt
—1—12|03 I f(u, ps ) p?dp — (Cz+%lnp*> ff(u,p*)u“du -
0 0
Hat Hett
_1 4 5 )1 6 8.2.3
5 { f(, P (Inp)dpe + ( > ) 3 { f(u, P )b + (8.2.3)
Mgt
o [ fwpor® |ps+
0

+O(p*D—+D*+2)
correspondingly.From Eq.(8.2.2) and Eq.(8.2.3) we obtain



P+e=

Mgt JTpen
—%pi { f(u, pa ) udu — (3Cz+%|np*) !f(u,p*)u“dﬂ -
ekt JTpen
—% ! f(u, o)t (Inp)d + (%)% ! f(u, ps ) udu +
et et
Lp2 [ p-)2du - (Cl—%lnp*> [ 0 poyutdu] +
0 0
Hat et (8.2.4)
o [ twpoutninn— ()35 ] tupouon -
ekt Mt
5 I0p. | [ 1Guputdu| — @C2+ Co)| [ fupoudul -
0 0

Mt
% f f(u, po) (I ) d +
0

X
Hett

5 )1
+(E)1_6 { f(u, ps)pPdu < 0.

Therefore under conditions (5.2.1) the inequality
-2 <3p+e<0 (8.2.5)
corresponding to Gliner non-singular cosmology [2],[4] is satisfied.

8.3. Zeropoint energy density in models with supermassive
physical ghost fields.

We assume now that:

(i) ghost fields corresponding to massive spin-2 particle with mass m, and to massive

scalar particle with mass mg appears (see section 5.1) as real physical fields in action

(5.1.1)

Remark 8.3.1.Note that their unphysical behavior may be restricted to arbitrarily

high-energy cutoff A, by an appropriate limitation on the renormalized masses m, and
Mp.

Actually, it is only the massive spin-two excitations of the field which give the problem
with

unitarity and thus require a very large mass (see subsection I1.2).

(i) Poincaré group is deformed at some fundamental high-energy cutoff A.

As = A (Mo, M) < MC? < mMyc2. (8.3.1)

The canonical quadratic invariant ||p||?> = n2°paps collapses at high-energy cutoff A.
and
being replaced by the non-quadratic invariant:



papb
Ipll? —(1+| R (8.3.2)

(iii) The canonical concept of Minkowski space-time collapses at a small distances to

fractal space-time with Hausdorff-Colombeau negative dimension and

therefore the canonical Lebesgue measure d*x being replaced by the
Colombeau-Stieltjes

measure
(dn(x,€)), = (Va(s(x))d*x) (8.3.3)
where
(Va(s00)), = ((s00IP 1 +8) ™) 800 = Jxx, (8.3.4)
(iv) we assume now that
f(p) = fsm(u) + fgm (w), (8.3.5)
where fsm (1) corresponds to standard matter and where fgm (1) corresponds to

physical
ghost matter.
Remark 8.3.2.We assume now that

O(u™),n>1 mC < p& < < pg < mpe
ff(e) | = (8.3.6)

0 .U>.Ueff

Thus vacuum energy density s(D+ ,ﬂgf) .uef)> for free quantum fields is

e(D*, D7, u&,u% ) = e(ugd u&.) + (DD, u& ). (8.3.7)
Here the quantity ¢ (uk;, uZ;, ) is given by formula

@
8(;“59#1 ((afzf)> " 200 h) J.ﬂif) duf(p) I JKZ+ pu? d%k =

Ik <
" (8.3.8)
y
= Kf ff) duf(u) I p? + u® p*dp,
p< Ji
where K = —2% 7€ = 1. The quantity é(D*, D, 1%, .uef)> is given by formula
(2rh)
5<D+, ,,Ug'f), ef)> _
(2)
K]y Qu0)
(8.3.9)
2 412
JT7N 1 ‘/ HoA. 2., 2 D*,D-
I _22+ 212 +(|k|+.u):|d k’
k>ﬂ|: L=pd% -z -l
where K' = %,c =1
2(2rh)

Remark 8.3.2. We assume now that p2l% < 1,and therefore from Eq.(8.3.9) we
obtain



8<D+ nug‘Lf)uuef)> =

KIAJ-#z;dyf(,u)u | d3Dk+Kj”e”

. (8.3.10)
* duf(u) j JKZ &+ g2 de ok
k1> fet Ik 1> /i

From Eq.(8.3.10) and Eq.(8.1.4) we obtain
3<D+ 1Héflf)1 ef)> =

()
KlAjﬂ; dufp? | d” Pk +K j e d,uf(u) [ K+ dok =

Ikl> y& Ikl Jr
! + - 'ugf) * pD+—ldp
K'A(D*)A(D )IAI#(D duf(u)uz[f (p|D—|—+g):| +
(8.3.11)
. Jp? + p?p®tdp
+K'A(D*)A(D )J. @ lef( )|:I (PP T+¢)

K'ADHAD)A | ”ff dﬂf(u)ﬂ2|: I, pD*D*-ldp} +

+K'A(D*)A(D~ )f duf(ﬂ)[f p2+u2pD*D+‘1dpJ-
Note that

2 2 4 6
(a3t L B
u u u
, \ . (8.3.12)
1p> 1p*, 1P
=U+5-—S-=+ - +..
HY2'm 83716 4

By inserting the EQq.(8.3.12) into the Eq.(8.3.8) we get

3<H¢(ef1f)’l~lef)> =

Hef = 16'u_+
PP o1p® 1P 1P a (8.3.13)
Kj.“gf)d‘uf(‘u)[ﬂ—-f-i _§ﬁ+1_6$+””:|0 =

'_\
O
"t
(6]
@
ﬁ‘“
Nll—\
—
+
(@]
7 N\
VN
";
&=
:
T
|~
N
—



The pressure p(D+ ,ygf),yef)> for free quantum fields is

p(D* 7ﬂ§f)’uef)> = p(“gf)!ﬂéfzf)’> + p(D*, D, u& 1t
Here the quantity p(;zeff ,yeﬁ ) is given by formula

@ (@ “eff LY -
P(uat st ) - 2(2n h) '[ o |k|'<[ Jk?+u? Tz
R
(1) o p2 'uz

The quantity D<D+, ,ygf),yef)> is given by formula

p(D*, D~ 1@ @) ~ K j”‘“‘“df() f L

1)
Heff

iy VK + p?
%,c = 1.Note that
2(2rh)

dD*,D-k’

where K' =

pt 16
1_1p* 3p" 5 p°
B2y 8pu> 16 47 7

By inserting Eq.(8.3.17) into Eq.(8.3.15) we get

p(ﬂgf) Héfzf)> =

K [her 1 1p> 3p* 5 p°
I(l)d”f(‘u) I |:ﬁ_7_3+§ﬁ 1_67Jr :|p4dp:
p< I
K [he p* 1p® 3p° 5 p°
51 g dufe | [T—EFWﬁ 16 7 T [P
B
K gl 220 30 5 p" "
3, M B T 273 T8 9uS T 16 1047 -

>
K[ 15 1 11 1
Imd“f(“)[s“z it ggut - gt

9.Discussion and conclusions

We will now briefly review the canonical assumptions that are made in the usual

(8.3.14)

(8.3.15)

(8.3.16)

(8.3.17)

(8.3.18)



formulation of the cosmological constant problem.

9.1.The canonical assumptions:

1.The physical dark matter.

Dark matter is a hypothetical form of matter that is thought to account for
approximately

85% of the matter in the universe, and about a quarter of its total energy density. The

majority of dark matter is thought to be non-baryonic in nature, possibly being
composed

of some as-yet undiscovered subatomic particles.Its presence is implied in a variety of

astrophysical observations, including gravitational effects that cannot be explained
unless

more matter is present than can be seen. For this reason, most experts think dark
matter

to be ubiquitous in the universe and to have had a strong influence on its structure and

evolution. The name dark matter refers to the fact that it does not appear to interact
with

observable electromagnetic radiation, such as light, and is thus invisible (or 'dark’) to
the

entire electromagnetic spectrum, making it extremely difficult to detect using usual

astronomical equipment.Because dark matter has not yet been observed directly, it
must

barely interact with ordinary baryonic matter and radiation. The primary candidate for
dark

matter is some new kind of elementary particle that has not yet been discovered, in

particular, weakly-interacting massive particles (WIMPSs), or gravitationally-interacting

massive particles (GIMPs).Many experiments to directly detect and study dark matter

particles are being actively undertaken, but none has yet succeeded.

2.The total effective cosmological constant A is on at least the order of magnitude of
the

vacuum energy density generated by zero-point fluctuations of the standard particle
fields.

3.Canonical QFT is an effective field theory description of a more fundamental

theory, which becomes significant at some high-energy scale A..

4.The vacuum energy-momentum tensor is Lorentz invariant.

5.The Moller-Rosenfeld approach [35],[36] to semiclassical gravity by using an
expectation

value for the energy-momentum tensor is sound.

6.The Einstein equations for the homogeneous Friedmann-Robertson-Walker metric

accurately describes the large-scale evolution of the Universe.

Remark 9.1.1.Note that obviously there is a strong inconsistency between
Assumptions

2 and 3: the vacuum state cannot be Lorentz invariant if modes are ignored above
some

high-energy cutoff A., because a mode that is high energy in one reference frame will
be



low energy in another appropriately boosted frame. In this paper Assumption 3 is not
used

and this contradiction is avoided.

Remark 9.1.2.Note that also, Assumptions 1,3,4 and 5 is modifed, which we denote
as

Assumptions 4 and 5 respectively.

9.2.Modified assumptions

1'.The physical dark matter.

2'.The total effective cosmological constant A is on at least the order |uer | ™ In|uet|
of

magnitude of therenormalized vacuum energy density generated by zero-point

fluctuations of standard particle fields and ghost particle fields,see subsection 1.2.

4' The vacuum energy-momentum tensor is not Lorentz invariant.

9.3.The physical ghost matter and dark matter nature

In the contemporary quantum field theory, a ghost field, or gauge ghost is an
unphysical state in a gauge theory. Ghosts are necessary to keep gauge invariance in
theories where the local fields exceed a number of physical degrees of freedom.For
example in quantum electrodynamics, in order to maintain manifest Lorentz invariance,
one uses a four component vector potential A,(x), whereas the photon has only two
polarizations. Thus, one needs a suitable mechanism in order to get rid of the unphysical
degrees of freedom. Introducing fictitious fields, the ghosts, is one way of achieving this
goal. Faddeev-Popov ghosts are extraneous fields which are introduced to maintain the
consistency of the path integral formulation. Faddeev-Popov ghosts are sometimes
referred to as "good ghosts".

"Bad ghosts" represent another, more general meaning of the word "ghost” in
theoretical physics: states of negative norm,or fields with the wrong sign of the kinetic
term, such as Pauli-Villars ghosts, whose existence allows the probabilities to be
negative thus violating unitarity.

(IX.1) In contrary with standard Assumptionl in the case of the new approach
introduced

in this paper we assume that:

(IX.1.1.a) The ghosts fields and ghosts particles with masses at a scale less then an
fixed

scale mgs really exist in the universe and formed dark matter sector of the universe,in

particular:

(IX.1.1.b) these ghosts fields gives additive contribution to a full zero-point fluctuation
(i.e.

also to effective cosmological constant A« [5],see subsection I.2).

(IX.1.1.c) Pauli-Villars renormalization of zero-point fluctuations (see subsection 1.2) is
no

longer considered as an intermediate mathematical construct but obviously has
rigorous

physical meaning supported by assumption (l.a-b).



(IX.1.2) The physical dark matter formed by ghosts particles;

(IX.1.3) The standard model fields do not to couple directly to the ghost sector in the

ultraviolet region of energy at a scale less then an fixed large energy scale A.,in

particular:

(IX.1.3.a) The "bad" ghosts fields with masses at a scale less then an fixed scale mg;,

where mg;Cc? < A.,cannot appear in any effective physycal lagrangian which contain
also

the standard particles fields.

In additional though not necessary we assume that:

(1X.1.4) The "bad" ghosts fields with masses at a scale m,,where m.c? > A.can
appear

in any effective physycal lagrangian which contain also the standard particles fields,in

particular:

(IX.1.4.a) Pauli-Villars finite renormalization with masses of ghosts fields at a scale m.
of

the S-matrix in QFT (see subsection 11.1-2) is no longer considered as an intermediate

mathematical construct but obviously has rigorous physical meaning supported by

assumption (1X).

(IX.1.4.b) If the "bad" ghosts fields coupled to matter directly, it gives rise to small and

controlable violetion of the unitarity condition.

Remark 9.3.1.We emphazize that in universe standard matter coupled with a physical

ghost matter has the equation of state [3]:

Hetf

_ _ 1 4 _ C4lvac
evac(plett) = —P(pet) = 5 I f(ptnpdu = =5, (9.3.1)
0
where
Ow™n>1 pu<upu
[f(w)] = { o (9.3.2)
0 M > plest

and where u¢r = mgiC (See subsection 1.2,Eq.(1.2.16)) and therefore gives rise to a de
Sitter phase of the universe even if bare cosmological constant 1 = 0.

9.4 .Different contributions to A«

The total effective cosmological constant A« is on at least the order of magnitude of
the vacuum energy density generated by zero-point fluctuations of standard particle
fields.

Assumption 2 is well justified in the case of the traditional approach, because the
contribution from zero-point fluctuations is on the order of 1 in Planck units and no other
known contributions are as large thus, assuming no significant cancellation of terms
(e.g. fine tuning of the bare cosmological constant 1), the total A« should be at least on
the order of the largest contribution [14].

(9.4) In contrary with standard Assumptionl in the case of the new approach
introduced

in this paper we assume that:

(9.4.1) For simplisity though not necessary bare cosmological constant A = 0.



(9.4.2) The total effective cosmological constant 1« depend only on mass distribution

f(u) and constant ugs Where ugC? < A, but cannot depend on large energy scale A.

Remark 9.4.1.Note that in subsection 9.1 we pointed out that under Assumption 1 if

bare cosmological constant A = 0 the total cosmological constant A4 iS on at least the

order ~ |ueft |‘“*5 of magnitude of the renormalized vacuum energy density generated
by

zero-point fluctuations of standard particle fields and ghost particle fields

Mt
svac(ar) = & [ @ A)u*Inmdu + O(A2),
0
(9.4.1)

"
Hett

prac(uii) = 5 | A4 Inmdu + O(A2),
0

where pg = per (As)

9.5. Effective field theory and Lorentz invariance violetion

To prevent the vacuum energy density from diverging,the traditional approach also
assumes that performing a high-energy cutoff is acceptable. This type of regularization
is a common step in renormalization procedures, which aim to eventually arrive at a
physical, cutoff-independent result. However,in the case of the vacuum energy density,
the result is inherently cutoff dependent, scaling quartically with the cutoff A..

Remark 9.5.1. By restricting to modes with particle energy a certain cutoff energy

ok < A.a finite, regularized result for the energy density can be obtained. The result is

proportional to A%.Any other fields will contribute similarly, so that if there are ny
bosonic

fields and n; fermionic fields, the density scales with (n, — 4n¢) A%. Typically, the cutoff
is

taken to be near = 1 in Planck units (i.e.the Planck energy), so the vacuum energy
gives a

contribution to the cosmological constant on the order of at least unity according to

Eq. (9.6.5). Thus we see the extreme fine-tuning problem: the original cosmological

constant A must cancel this large vacuum energy density eysc ~ 1 to a precision of 1 in

10%?° -put not completely- to result in the observed value 14 = 107*2°[5].

Remark 9.5.2. As it pointed out in this paper that a high energy theory, i.e. QFT in
fractal space-time with Hausdorff-Colombeau negative dimension would not display the
zero-point fluctuations that are characteristic of QFT, and hence that the divergence
caused by oscillations above the corresponding cutoff frequency is unphysical. In this
case, the cutoff A, is no longer an intermediate mathematical construct, but instead a
physical scale at which the smooth,continuous behavior of QFT breaks down.

Poincaré group of the momentum space is deformed at some fundamental
high-energy cutoff A, The canonical quadratic invariant ||p||? = n2papp collapses at
high-energy cutoff A, and being replaced by the non-quadratic invariant:

2 1n2°Papb
= — 9.5.1
Ipll @+ 1x.p0) ( )

Remark 9.5.3. In contrary with canonical approuch the total effective cosmological



constant Ags depend only on mass distribution f(u) and constant uer = Mg;C but cannot
depend on large energy scale ~ A..

9.6. Semiclassical Moller-Rosenfeld gravity

Assumption 5 means that it is valid to replace the right-hand side of the Einstein
equation T,, with its expectation (T, ). It requires that either gravity is not in fact
guantum, and the Moller-Rosenfeld approach is a complete description of reality, or at
least a valid approximation in the weak field limit. The usual argument states that the
vacuum state |0) should be locally Lorentz invariant so that observers agree on the
vacuum state. This means that the expectation value of the energy-momentum tensor
on the vacuum, (O[T ,,|0),must be a scalar multiple of the metric tensor g,, which is the
only Lorentz invariant rank (0,2) tensor. By using Moller-Rosenfeld approach the
Einstein field equations of general relativity, a term representing the curvature of
spacetime R, is related to a term describing the energy-momentum of matter (0|'IA'W|0>,
as well as the cosmological constant A and metric tensor g,, reads:

Ry — %Rgg,w + g,y = 87(0[T,,|0). (9.6.1)

The T component is an energy density, we label (O[T ,|0) = &vac, SO that the vacuum
contribution to the right-hand side of Eq.(9.4.1) can be written as
87(0[T ., |0) = 87&vacTm- (9.6.2)
Subtracting this from the right-hand side of Eq.(9.4.1) and grouping it with the
cosmological constant term replaces with an "effective" cosmological constant [5]:
A/eff = /l + 87Tgvac. (9 6 3)
Note that in flat spacetime, where g,, = diag(-1,+1,+1,+1), Eq.(9.4.2) implies
Evac = —Pvac, Where pyac = (O[T;i|0) for any i = 1,2,3 is the pressure. Obviously this implies
that if the energy density is positive as is usually assumed, then the pressure must be
negative, a conclusion which extends to any metric g,, with a (-1,+1,+1,+1) signature.
Remark 9.6.1.In this paper we assume that the vacuum state |0) should be locally
invariant under modified Lorentz boost (1.1.18) but not locally Lorentz invariant.
Obviously this assumption violate the Eq.(9.6.2). However modified Lorentz boosts
(1.1.18) becomes Lorentz boosts for a sufficiently small energies and therefore in IR
region one obtain in a good aproximation
87(0[T . |0) = 87&vacTur (9.6.4)
and
A/eff ~ A/ + 87[8\/ac. (9 6 5)

Thus Moller-Rosenfeld approach holds in a good approximation.

9.7. Quantum gravity at energy scale A < A.Controlable

violetion of the unitarity condition.

Gravitational actions which include terms quadratic in the curvature tensor are
renormalizable. The necessary Slavnov identities are derived from Becchi-Rouet-Stora
(BRS) transformations of the gravitational and Faddeev-Popov ghost fields. In general,



non-gauge-invariant divergences do arise, but they may be absorbed by nonlinear
renormalizations of the gravitational and ghost fields and of the BRS transformations
[13].The geneic expression of the action reads

I'sym = —J. d*x /=g (@R R" — BR? + 2« °R), (9.7.1)

where the curvature tensor and the Ricci is defined by R, = 6,I'f, and Ry = R},
correspondingly, k? = 327G. The convenient definition of the gravitational field variable in
terms of the contravariant metric density reads

Kh® = g#vm — nu"_ (9 72)

Analysis of the linearized radiation shows that there are eight dynamical degrees of
freedom in the field. Two of these excitations correspond to the familiar massless spin-2
graviton. Five more correspond to a massive spin-2 particle with mass m,. The eighth
corresponds to a massive scalar particle with mass mg. Although the linearized field
energy of the massless spin-2 and massive scalar excitations is positive definite, the
linearized energy of the massive spin-2 excitations is negative definite. This feature is
characteristic of higher-derivative models, and poses the major obstacle to their physical
interpretation.

In the quantum theory, there is an alternative problem which may be substituted for
the negative energy. It is possible to recast the theory so that the massive spin-2
eigenstates of the free-fieid Hamiltonian have positive-definite energy, but also negative
norm in the state vector space.These negative-norm states cannot be excluded from the
physical sector of the vector space without destroying the unitarity of the S matrix. The
requirement that the graviton propagator behave like p= for large momenta makes it
necessary to choose the indefinite-metric vector space over the negative-energy
states.The presence of massive quantum states of negative norm which cancel some of
the divergences due to the massless states is analogous to the Pauli-Villars
regularization of other field theories. For quantum gravity, however, the resulting
improvement in the ultraviolet behavior of the theory is sufficient only to make it
renormalizable,but not finite.

Remark 9.7.1.(I)The renormalizable models which we have considered in this paper
many years mistakenly regarded only as constructs for a study of the ultraviolet problem
of quantum gravity. The difficulties with unitarity appear to preclude their direct
acceptability as canonical physical theories in locally Minkowski space-time. In canonical
case they do have only some promise as phenomenological models.

(I1) However, for their unphysical behavior may be restricted to arbitrarily large energy
scales A, mentioned above by an appropriate limitation on the renormalized masses m;
and mo. Actually, it is only the massive spin-two excitations of the field which give the
trouble with unitarity and thus require a very large mass. The limit on the mass mg is
determined only by the observational constraints on the static field.

10.Conclusion

We argue that a solution to the cosmological constant problem is to assume that there
exists hidden physical mechanism which cancel divergences in canonical QED4, QCDs,
Higher-Derivative-Quantum-Gravity, etc. In fact we argue that corresponding
supermassive Pauli-Villars ghost fields,etc.really exists. New theory of elementary



particles which contains hidden ghost sector is proposed. Zel'dovich hypotesis [1] we
suggest that physics of elementary particles is separated into low/high energy ones the
standard notion of smooth spacetime is assumed to be altered at a high energy cutoff
scale A, and a new treatment based on QFT in a fractal spacetime with negative
dimension is used above that scale.This would fit in the observed value of the dark
energy needed to explain the accelerated expansion of the universe if we choose highly
symmetric masses distribution below that scale A, i.e.,

fsm(u) = fgm(u), it < perr, pesrC® < A
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