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A kinetic theory of vacuum particle creation under the action of an inertial mechanism is con-
structed within a nonperturbative dynamical approach. At the semiphenomenological level, the inertial
mechanism corresponds to quantum field theory with a time-dependent mass. At the microscopic level,
such a dependence may be caused by different reasons: the nonstationary Higgs mechanism, the in-
fluence of a mean field or condensate, the presence of the conformal multiplier in the scalar-tensor
gravitation theory, etc. In what follows, a kinetic theory in the collisionless approximation is devel-
oped for scalar, spinor and massive vector fields in the framework of the oscillator representation,
which is an effective tool for transition to the quasiparticle description and for derivation of non-
Markovian kinetic equations. Properties of these equations and relevant observables (particle number
and energy densities, pressure) are studied. The developed theory is applied here to describe the
vacuum matter creation in conformal cosmological models and explain the observed photons number
density in the cosmic microwave background radiation. As other example, the self-consistent evo-
lution of scalar fields with nonmonotonic self-interaction potentials (the W potential and Witten—Di
Vecchia—Veneziano model) is considered. In particular, conditions for appearance of tachyonic modes
and a problem of the relevant definition of a vacuum state are discussed.

B p MK X HemepTyp06 THBHOTO IOJIEBOTO MOAXOH IIOCTPOEH KHHETHYECK s TeOpUs B KYyMHOTO
POXIEHUA Y CTUL MOJ AEHCTBHEM MHEPLUOHHOIO MeX Hu3M . H mnomnyceHoMeHonornueckoM ypoBHe
HMHEPIMOHHBIII MEX HM3M COOTBETCTBYET KB HTOBOW TEOPHMHU IOl C M CCOH, 3 BHUCSILEH OT BpeMEHH.
H MHKpOCKOITHYECKOM YpOBHE T K s 3 BHUCHMOCTb MOXET OBITh OOYCIIOBIEH P 3IHYHBIMH () KTO-
P Mu: HeCT IMOH DHBIM MeX HU3MOM XWITC , BIUSHHEM CPEIHEero Iojd WIH KOHIEHC T , H JIMYHeM
KOH(POPMHOTO MHOXHTES B yp BHEHMSIX CK JIAPHO-TEH30PHON TEOPUH Ip BUT LMH H T.II. B Geccronk-
HOBHTEJIbHOM HPUOIMXEHHH B p 6OTe IONTydeHbl KMHETHYECKHME yp BHEHHMS UL CK JIAPHBIX, CIIHHOP-
HBIX U M CCHUBHBIX BEKTOPHBIX HOJell H 6 3¢ OCIHIUIITOPHOTO IPEACT BIEHHS, KOTOpOe SIBISeTCs
9(h(heKTUBHBIM CIIOCOOOM IS Mepexof K KB 3MY CTHYHOMY OIIC HHIO U IS BBIBOL KHHETHYECKUX
yYp BHEHHWiII HEM PKOBCKOro THIl . M3y4eHbl CBOMCTB 3THX yp BHEHWi, T KXe OCOOEHHOCTH IIOBe-
JIEHUs TOJIyYEHHbIX H MX OCHOBE M KPOCKONHYECKMX X P KTE€PUCTHK (IUIOTHOCTH YMCI Y CTHUI U
9HEPruy, A BleHus). P 3BUT 5 Teopusd NpuMeHsAeTCd /I ONUC HHUS B KyyMHOTO DOXICHUS M TepHU
B KOH(POPMHBIX KOCMOJIOTHYECKUX MOZENSAX M WIsl 0OCyXmeHus MpobieMbl H OII0f eMOil IIOTHOCTH
4ucin  (hOTOHOB MUKPOBOTHOBOTO PEHKTOBOTO H3lydeHHs. B K decTBe Opyroro mpumep p ccMo-
TPEH C MOCOINI COB HH 4 9BOJIOLUA CK JIAPHBIX KB HTOBO-IOJIEBBIX CHCTEM C HEMOHOTOHHBIMU IO-
TeHIM J1 Mu ¢ MogeicTBus (W -norteHuu j1 u Moaesnb Burren —nu Bekku —Benerm HO). B u cTHOCTH,
P CCMOTpEHBI YCIIOBUS BO3HMKHOBEHHS T XMOHHBIX MOJ M IpOOIeM  JeKB THOTO BBIOOP B KyyMHOTO
COCTOSHUSI.

PACS: 13.87.Ce; 05.20.Dd; 11.15.Tk; 98.70.Vc; 11.10.Lm
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INTRODUCTION

The present work is devoted to the construction of a kinetic theory of vacuum
creation of particles with time-dependent masses. For brevity, this mechanism
will be referred to as inertial one. Microscopic foundations of a mass change may
be different. The Higgs mechanism leads to the most popular models of such a
class, when the corresponding mean fields are time-dependent. General quantum
field models with nonpolynomial interactions may also be considered, where the
separation of nonstationary mean fields results in a time-dependent mass [1]. A
well-known example of this kind is the Witten—Di Vecchia—Veneziano model [2,3]
in the framework of which the mean-field concept was analyzed in [4]. The
Nambu—Jona-Lasinio [5] and ¢ [6] models are other examples where the meson
masses are defined by evolution of a quark condensate to be described at the
hydrodynamic [7] or kinetic [8] level. The particle mass may depend on many-
particle interactions in hot and dense nonstationary matter [9-11]. A general basis
for a rather slowly-varying time dependence of the effective mass can be obtained
within the Green function method [12,13]. The field dependence of the mass is a
general factor determining the time evolution in all these cases (F-class models).
The conformal invariance of the scalar-tensor gravitational theory provides a time
dependence of the particle mass by means of the conformal multiplier [14—-17].
The mass can be changed also due to the parameterization stipulated by additional
space dimensions [18]. Such theories should be referred to as the other class
(C class). In the F-class theories, the vacuum particle creation admits a well-
known interpretation based on the simplified vacuum tunnelling model in an
external field [19-21]. A similar interpretation of the C-class models is difficult.
At the phenomenological level, however, both classes have a uniform mathemat-
ical description as will be shown in Secs. 1, 2, and 3, respectively, for the scalar,
fermion and massive vector boson in quantum field theories (QFTs).

The first consideration of the vacuum creation of particles with the vari-
able mass was proposed apparently in [22] as a possible variant for describing
a quantum system response to the time variation of system parameters [23].
Using the Bogoliubov transformation method, residual momentum distributions
for fermions, and pair correlators were found for the cases of step-like and smooth
variations of the fermion mass (Subsec.2.4).

In the present work, the kinetic theory will be based on the oscillator represen-
tation (OR) [24,25], which is the most economical method for a nonpertrubative
description (as compared to the Bogoliubov method of canonical transforma-
tion [26] or other accurate approaches to the problem [15,27,28]) of the vacuum
particle creation under the action of time-dependent strong fields. This approach
leads directly to the quasiparticle representation (QPR) with diagonal operator
forms in the momentum space for the set of dynamical variables. It allows one
to get easily the Heisenberg-type equations of motion for creation and annihila-
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tion operators. An important feature of the time-dependent Fock representation
is the necessary consistency of commutation (anticommutation) relations with the
equations of motion. Otherwise, this circumstance can bring to the noncanonical
quantization rules (an example will be considered in Subsec. 3.1).

In terms of the OR it is possible to immediately derive the corresponding
kinetic equations (KE) by the well-known method [29]. Some particular results
are published in [1,30]. The kinetic theory for scalar, spinor, and massive vector
fields is constructed in Secs. 1, 2, and 3, respectively. The main attention is paid
to the particle creation in conformal cosmological models [31-33] (Sec.4). It is
shown that the choice of the equation of state (EoS) of the Universe allows one
to obtain, in principle, the observed number density of matter participants and
photons and, possibly, dark matter. The basic problem here is the description of
vacuum particle creation which should be consistent with EoS but it is beyond
the present article.

Finally, in Sec.5 the other class of scalar QFT systems is considered with
nonmonotonic self-interaction potentials to apply the decomposition of the field
amplitude into the quasi-classical space-homogeneous time-dependent background
field and the fluctuation part. In this case, the particle mass is defined by intensity
of a quasi-classical field. As an example, self-interaction potentials of the simplest
polynomial type and those for a nontrivial case (the pseudoscalar sector of the
Witten—Di Vecchia—Veneziano model) are analyzed. It is shown, that the relevant
definition of vacuum states allows one to avoid the tachyonic mode beginning.
The main purpose of this review is to summarize all known relevant results on
the inertial mechanism of the vacuum particle production and to call attention to
unsolved problems which are shortly listed in Sec.5.3.3.

We use the metric g*¥ = diag (1, —1, —1, —1) and natural units & = ¢ = 1.

1. SCALAR FIELD
1.1. Oscillator and Quasiparticle Representations. Let us start our con-

sideration with the simplest case of the real scalar field with the time-dependent
mass m(t), whose equation of motion is

[0,0" +m?()]p(x) = 0. (1)
The corresponding Lagrange function is given as
1 o 1 2 2
L=S0upd"p — gm”(t)¢". 2)

In the considered case, the system is space-homogeneous and nonstation-
ary. Therefore, the transition to the Fock space can be realized on the basis
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functions (x) ~ exp (Lipx), and creation and annihilation operators become
time-dependent. The assumption about the space homogeneity allows one to look
for solution of Eq. (1) in discrete momentum space in the following form:

1 )
olxt) = 7 > eo(p,t), 3)
1

where V = L3 and p; = (27/L)n;, at that the integers n; (i = 1,2,3) run
from —oo to +o0o. The thermodynamic limit can be covered in the resulting
equations. Then the oscillator-type equation of motion follows from Eq. (1) and
decomposition (3) as

¢ F (p,t) + w?(p,t)e® (p,t) = 0 (4)

with
w?(p,t) = m*(t) + p°. 5)

The symbols (+) correspond to the positive and negative frequency solutions of
Eq. (4) defined by its free asymptotics in the infinite past (future) [26],

sﬂ(i)(p,t _ :FOO) ~ eiiw;t7 (6)

where wy = ,/mQ¢ + p? are defined by asymptotics of the mass

me = tli;noo m(t). 7
The asymptotics (6) corresponds to the in(out)-states and is necessary for defin-
ition of in(out)-vacuum. This requirement, however, can be broken in cosmol-
ogy [34]. We suppose here that such asymptotics exists and the relevant vacuum
states will be denoted by |0) without indices «in» or «out», that is evident from
the context. In the considered class of problems, the classification of states in the
frequency sign turns out to be impossible for an arbitrary time moment. Accord-
ing to a general analysis [35], this leads to instability of a vacuum state during
the action period of the external fields and to the vacuum particle creation. In
this case, it is possible to consider quasiparticle excitations during the system
evolution (i (t) # 0) and describe their creation and annihilation in the vacuum
state |0). When the external field action is completed, residual particles of some
finite density remain in the out-state. However, it is necessary to emphasize that
these particles are defined in respect of the in-vacuum state [26].
In the general case, S matrix does not exist in the considered formalism.
Its role in description of the system with unstable vacuum is performed by
other mathematical objects: the operator of the canonical Bogoliubov transfor-
mation [26], distribution functions in the kinetic approach [24,29,30,36-38], or
some set of correlation functions [39,40], etc.
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The conception of «quasiparticle» plays the central role in the QFT with
strong time-dependent quasi-classical external fields [26,35]. Under the con-
sidered conditions, this approach is the shortest realization of the quasiparticle
concept within the standard Fock representation of the QFT, where the external
field can be taken into account nonperturbatively. Thus, the QPR corresponds to
a possibility of writing down the set of commutative operators of physical (ob-
servable) quantities (the complete QPR) in the diagonal form in an arbitrary time.
It is naturally related to the question whether operators have the quadratic form
in the Fock representation. Hence, the interaction between the field constituents
and self-interaction is not taken into account. It corresponds to a nondissipa-
tive approximation in the kinetic theory [41]. An alternative definition of the
quasiparticle was given in [25] for constrained systems.

The transition to the QPR can be realized in different ways. The traditional
method is based on the time-dependent canonical Bogoliubov transformation [26].
The alternative approach uses the oscillator («holomorphic») representation, which
leads directly to the QRP [24]. In the considered case the transition to the OR is
made by substituting m4+ — m(t) into the dispersion law for the free field and
postulating the following decompositions:

) = ! ! a e'PX 1 of e iPX
o= w@,w{(p’“ Fal(pe ),
(8)

o= V%—v Z Vo, D) {a(p, t) e — al (p, t) e~ P} |

where 7(z) is the generalized momentum; af(p,¢) and a(p,t) are the creation
and annihilation operators of particles with the momentum p at the time moment
t. The in-vacuum state is defined as

a(p,t — —00)|0) =0, (0]|0) = 1. )
The canonical commutation relation
[p(2), m(2")] ey = 10(x — X) (10)

together with the decomposition (8) provides the standard commutation relation
for time-dependent creation and annihilation operators

[a(p,t),a'(p',t)] = dppr- (11)

The substitution of the decompositions (8) into the Hamiltonian

) =5 [ do (@) + Vel + m?(0) @)} (12
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leads immediately to a diagonal form which corresponds to the QPR

10 = S, {0,000 + 5 }. (13)

P

In the considered case the vacuum energy of zero oscillations («Zitterbewegung»)
depends on time.
Equations of motion for the operators a,a! can be obtained now from the
minimal action principle [24] or from the Hamiltonian equations
. O0H . oH

_— = = —_—— = —_ 2
p=5-=m 7 5o Do —m*=(t)e. (14)

Here and below we use the notation () = d/dt( ). Combining Egs. (8) and (14),
we get

(p,6) = A, 0)a! (~p,1) — i (p, 1) ap. 1),
(15)

i (p.1) = A, 1) a(—p,1) + ic(p. 1) al (1),

where
w(p,t m(t) m(t
wp,t)  w(p,t)
is the factor defining the mixing of states with positive and negative energies.
This equation obviously is consistent with the commutation relations (11).
Equations of motion (15) can be rewritten as the Heisenberg-type equa-
tion, e.g.,

p,1) = 3A(p,1)a" (=p,1) +1 [H(1),a(p, 1) a7

In the instantaneous QPR these equations serve as a basis for a nonperturbative
derivation of the KE describing scalar particle creation and annihilation processes
within the inertial mechanism.

1.2. Kinetic Equation. The key object of the kinetic theory is the quasiparticle
distribution function which for the space-homogeneous case is

f(p.t) = (0la’ (p, t)a(p,)[0), (18)

where |[0) = |0)i, is the initial (¢ — —oo0) vacuum state. Differentiating the
distribution function (18) with respect to time and using (15) we get

f(p,t) = A(p,t) Re {tP(p, t)}. (19)
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Here the auxiliary correlation function is introduced

FH(p,t) = (0lal(p, t)a’ (—p, 1)|0). (20)

This function provides a coherent connection between the states with positive and
negative energies (the so-called entangled states [28]).

The equation of motion for f()(p,t) can be obtained by analogy with
equation (19). We present it here in the integral form as

t
1 , /
et =5 / dt'A(p, ') [1+2f (p, )] 2701, 1)
to

where the initial condition f(*)(p,t) = 0 was used. This condition corresponds
to the initial condition for the distribution function f(p,to) = 0 and is a direct
consequence of the definition (9). Eventually, the dynamical phase in Eq. (21) is

equal to
t

opit.t) = [ drs(p.r). @)
t/
The substitution of Eq. (21) into Eq. (19) leads us to the resulting KE written
in the thermodynamical limit V' — oo at the fixed particle density

f(p.t) = %A(p,t)/dt’ﬁ(p'vt) [142f(p,t')] cos [20(p;t,t')] . (23)

to

The source term in the r.h.s. of Eq.(23) describes a variation of the particle num-
ber with the given momentum due to vacuum creation and annihilation processes
for the inertial mechanism, A(p,t) is defined by Eq.(16). The non-Markovian
KE (23) has the structure as that for the Schwinger mechanism of pair creation
in an electric field [29]. This equation was investigated in detail for description
of the pre-equilibrium evolution of quark—gluon plasma created in collisions of
ultrarelativistic heavy ions [36,37]. The case of the scalar QED was considered
in [24] for an electric field of arbitrary polarization.

As follows from Eq.(16), in the framework of the inertial mechanism the
particle production rate is defined by the rate of the mass change

1 dmf(t)
t)= ———= 24
where my is the characteristic mass to fix the time scale (e.g., mg = m_).
Let us note that the KE (23) is valid under two basic assumptions: a) there
are no particles (or antiparticles) in the in-state; b) a collisionless approximation
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is applicable (i.e., the corresponding dissipative processes are not taken into con-
sideration).

In the low-density approximation f(p,¢) < 1, the KE (23) results in the
following solution [36]:

+ 2

fb.0) = 5| [ 0.ty espl2itei ]| >0 ©3)

to

The KE (23) can be transformed to linear equations of the non-Hamiltonian
dynamical system with zero initial conditions

f=ghu A= AQ+2) 2w, 0= 26)

which is convenient for numerical analysis. This equation system has the first
integral
(1+2f)*—u? -2 =1, (27)

according to which the phase trajectories are located on the two-cavity hyperboloid
with top coordinates f = u = v = 0 (physical branch) and f = -1, u = v =0
(nonphysical one). If the function f is excluded from Egs.(26), we obtain the
nonlinear two-dimensional dynamical system with

uw=AvV1+u2+v2 - 2w, (28)
U = 2wu.
The functions f(p,t) and u(p,t) have a certain physical meaning (the last func-
tion describes vacuum polarization effects, see Subsec. 1.3) below and are invari-
ants with respect to the time inversion ¢ — —t while the auxiliary function v(p, t)
and factor (16) change their signs. Thus, the KE (23) is invariant at the time
inversion.

The presented formalism of vacuum particle creation is specific for kinetic
theory and allows natural generalization to the case of interacting fields that leads
to introduction of corresponding collision integral of a non-Markovian type [42].
This approach is close to the modern method expounded in the book [26] where
the time-dependent Bogoliubov transformation is used. The same method was
used in pioneer works [43-45] (see also [34]). Some modification of the for-
malism [26] (the , f representation) was developed in [25] and then used widely
(e.g., in [32] and references cited there). The correspondence between the 7, 0
representation and our approach (as well as that used in the book [26]) may be
easily established.

1.3. Observables and Regularization. The KE (23) describes the vacuum
quasiparticle excitations rising at an external force (ri(t) # 0, in the considered
case). When this action is switched off, there is still some remaining density of
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real (residual) particles and antiparticles. In the absence of any interaction between
the system constituents, the real particles are «on-shell» ones and have the free-
particle dispersion law w_ with the mass m4 (7), while quasiparticles are «off-
shell» with the dispersion law (5). Within the Green function method [13], one can
say that the time-dependent dispersion law like (5) corresponds to the t-parametric
mass shell surface of slowly time-dependent m(t), i.e., m(T £+ 7/2) =~ m(T),
where T' and 7 correspond to slow and fast time scales. This case is not of
interest for the considered problem. Thus, the dispersion law (5) does not belong
to the mass shell surface. In the general case, the on-shell condition

m(t) — mg

<1 (29)
mo

(mp = mx) is not connected directly with the condition of efficiency of the
vacuum particle creation, £(¢) < 1, where £(¢) is defined by Eq.(24). On the
contrary, the presence of high frequencies in the function m(t) is necessary for
vacuum creation and does not contradict the on-shell condition (29). In principle,
the KEs of such a type are designed for the description of evolution of both real
particles and quasiparticles. In particular, the distribution function of residual
particles is fout(pP) = flirrolo f(p,t). This simple formula for fuu(p) follows from

Eq.(25) in the low-density approximation. However, the presence of the fast
oscillated multiplier in the source term in the r.h.s. of the KE (23) leads to a
large amount of numerical calculations which make impossible the study of the
system evolution for rather large times after the switching on external forces. The
corresponding large scaling methods of calculations based on the KE (23) have
not been worked out at present. Some properties of a residual particle—antiparticle
plasma due to a limited pulse of the external field action can be estimated by the
imaginary time method [46].

The distribution function is the key quantity of the system. The density
of observable variables is some integral in the momentum space containing the
distribution function and auxiliary functions u(p,t), which describe the effects
of vacuum polarization. The simplest variable of such a type is the density of
quasiparticles. In the thermodynamic limit . — oo we have

P (t) = / (dplf (. 1), 30)

where [dp] = (27r)~3d>p. To proceed to the thermodynamical limit, the rule

%Zp}/[dp] 31)

is used here and below.
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Other important characteristics of the system are the energy density € and
pressure P, which can be obtained as the average value of the energy-momentum
tensor corresponding to the Lagrangian density (2),

T‘;u/ = 8;1,5081/50 - g;u/L- (32)
As a result, we have [26]
= = (OfTuwl0) = [ldpr, (33
m? 1
3P:5—/[dp][— (f+—u)+wu]. (34)
w 2

The last two terms in integrand (34) represent the contribution of vacuum polar-
ization.
Finally, the entropy density can be introduced

S(t) = — / dpl[fInf — (1+ Hln(1+ f)]. 35)

It is not conserved (S (t) # 0) even in the considered nondissipative approximation
because the system is open (the mass change is defined by external causes).

A direct proof of the convergence of integrals (30), (33)—(35) is complicated
because of the absence of an explicit form for functions f(p,t) and u(p,t).
Therefore, one usually uses the method of asymptotic expansions in power series
of the inverse momentum p~" (IN-wave regularization technique) [47] (another
approach rests on the WKB approximation [48]). Our present consideration is
based on the explicit asymptotic solutions of the system (26) for |p| > m.
The integral (30) is assumed to be convergent at any time moment. Then the
function f(p,t) should decrease at p — oo and hence f(p,t) < 1 in this region.
This inequality corresponds to the low-density approximation (25), where the KE
solution can be written in the explicit form as

t 2

1
[ePt) = / dt'm(t")ri(t') exp [2ip (t — ')]| , (36)
P i
p = |p| — oo because A>(p,t) = m(t)r(t)/p* in accordance with Eq. (16).
These solutions are consistent with the integral of motion (27). Thus, indeed as-
ymptotic solutions are some quickly oscillating functions (this fact was first noted
in [30] for the case of massive vector bosons, see Subsec.3.3). Such behavior
matches with the quasiparticle interpretation of vacuum excitations by the inertial
mechanism. The real (observed) particles are the result of the evolution by the
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moment when 7 = 0 and the out-vacuum state is realized. The asymptotics (36)
may be influenced by other (noninertial) mechanisms of vacuum particle creation
(e.g., in the case of harmonic «laser» electric field [49-51]).

The asymptotics of the integral (36) can be obtained by the stationary phase
method [52]

t
/dt/ m(t/)m(t/) eQi;U(t—t/) — %;R(t) + O(p_Q), (37)
to

if m(tg) = 0. Using Egs. (36) and (26) we get the leading contributions

. 2
O p,t) = [7m(t2)p?(t)} :

(38)
W) = [m%t) n m<t>m<t>} ,

where the upper indices show the inverse momentum degree for the corresponding
leading terms (we are not interested in the asymptote of the function v(p,t),
which plays some auxiliary role only). Relations (38) are identical to the results
of application of the N-wave regularization method to Egs. (26) [47].

Now one can conclude that the integral (33) is convergent but the last inte-
gral term in Eq.(34) needs a regularization. The regularizing procedure of the
Pauli—Villars type is based on the subtraction of appropriate counterterms in inte-
grals (30), (33)-(35). These counterterms can be obtained by the substitution
p? — p? + M? into the denominator of asymptotics (38),

fr=1f—Ium, UR = U — UM- 39)

If the regularizing mass M > m(t) can be chosen rather large, M > A (A is
«the computer cut-off parameter»), the influence of counterterms on the results
of numerical calculations is negligible.

The numerical investigation of the KE (23) and observable densities (30),
(33)—(35) will be presented in Subsec.2.4.

2. FERMION FIELD

2.1. Quasiparticle Representation. The material of this subsection is based
on papers [53-55].
Equations of motion for fermion fields with the variable mass are

(70 — m(t)]¢(x) = 0,

_ (40)
b(@)[ir" 0 +m(t)] =0,



1732 FILATOV A.V. ET AL.

where 1) = 1)~%. The corresponding Hamiltonian is (k = 1,2, 3)

H(t)=1i / &z T = / &Pz P{—ir" O + m(t)}y. (41)

By analogy to the scalar case, we use the following decompositions of field
functions in the discrete momentum space:

(o) = % Z :Z{ 00D, £) U (D, £) + &P b, (p, 1) v (D, 1)}

_ , (42)
SN el (p. ) 8% (p, t) + ¢P¥ba(p, ) v (p, 1)}

- 1

() = —=
\/v p a=1,2

The OR is intended to derive equations of motion for creation and annihilation

operators. It is based on the primary equations (40) and free u, v spinors with

the substitution m — m(t). Thus, the following equations for the spinors are

postulated in the OR:

[vp — m(t)] u(

(43)
[vp + m(t)] v(

) =0,
) =0

with p® = w(p,t). These definitions create the set of standard orthogonality
conditions [56] depending on time now parameterically

p;t
p;t

i*(p,t)u’(p,t) = wTrEfzf)

ut(p, ) u(p,t) = vI*(—p, 1) v’ (=p, 1) = bup,
Ua(p7t) Vﬁ(p7t) = uTa(p7t) Vﬁ(—p7t) =0.

50/[3) \_/(y(pat) Vﬁ(p7t) = _w

Decompositions (42) and relations (44) lead immediately to the diagonal form
of the Hamiltonian (41)

H(t) =Y w(p,t)[al,(p,t)aa(p,t) + bl,(p, )ba(p, )] (45)

p,a

with interpretation of af, a (and bf, b) as the creation and annihilation operators
of quasiparticles obeying the standard anticommutation relations

{aa(P,t),al(p', )} = {ba(p. 1), b5(D/, 1)} = Gppas. (46)

We are not interested in the subsequent diagonalization of the spin operator and
such QPR can be named the incomplete representation.
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Now in order to get equations of motion for creation and annihilation op-
erators in the OR, let us substitute the decomposition (42) in Egs. (40) and use
relations (44). Then, as an intermediate result, we obtain the following closed set
of equations of motion which is valid in a general case:

da(p,1) + U7 (1) ag(p, t) + Us® (b, 1) by(—p, 1) = —io(p, 1) aa(p, 1),
al,(p,t) — aly(p,t) U (p.t) + bs(—p,t) UY* (p, t) = iw(p, ) al, (. 1),
ba(=p, 1) + aly(p,t) V" (p,1) = bs(—p, t) Vi (p, 1) = @7)
= —iw(p,t) ba(—p; 1),
bL(=p.t) + Vi (1) ap(p,t) + V5 (b, ) by(—p,t) = iw(p, 1) bl,(~p, 1).
The spinor construction is introduced here as
U’ =ute(p,t) P (p,1), Vi =vi(=p,1) i’ (p,1). 4s)
Us? =l (p, 0¥ (~p.1), Vi = vI*(op, 1)V (1),

The matrices U; and V; describe the transitions between states with positive and
negative energies and different spins, while the antiunitary matrices U; and V5
show the spin rotations only

Ul=-t,, Vi=-Va, Vj=-Us. (49)

Equations (47) are compatible with the canonical commutation relations (46).
Let us write now the u, v spinors in an explicit form, according to [57]:

uTl(pvt) A(p)[WJraO p3,p ]a
ut?(p, 1) = A(p) [0,w+, P+, —p3],
) (50)
VT (_p7t) A(p)[ P3, —P— w+50]a
VT2(_p7t) A(p) [ P+,DP3, O w+]
where pi = pj & ips, wy = w + m(t) and A(p) = [2wwy]~ /2. Spin rotation
matrices (48) in this representation are equal to zero
Uy =V, =0. (51)
For the remaining matrices (48) we have Uy = —V; = U, where U is the

Hermitian matrix

_ o m@) [ ps p-
U(p,t) = 22 (p.0) {pi _pg] : (52)



1734 FILATOV A.V. ET AL.

Thus, the system of equations of motion (47) reduces to the following one:

a0 (P, 1) + Uap(p, )b} (=P, t) = —iw(p, t)aa(p, ),

. T , (53)
ba (_pv t) - aﬁ (pv t)Uﬁa (pa t) = _Zw(pa t)ba(_pv t)

2.2. Kinetic Equation. Equations of motion (53) do not contain the spin
rotation matrices (51) and they are similar to Egs. (15); therefore, the KE deriva-
tion meets no problem now. To be specific, let us introduce the one-particle
correlation functions

9ap(P,t) = (0lafy(p, t)aa (p, 1)]0), 54)
Gap(p,t) = (0lbs(—p, t)bl,(—p,1)|0).

The differentiation of (54) with respect to time leads to the following matrix
equations:

g(p7 t) = _U(p7 t) G(pa t) - GT (p7 t)U(p7 t)a

5 (55)
9(p,t) = G(p,)U(p, 1) + U(p, 1) G' (p, 1),
where the auxiliary function was introduced
Gap(p.t) = (0laf(p. )bl (~p.1)[0). (56)

Together with Egs. (55), the corresponding equation of motion

G(p,t) = U(p,t)g(p,t) — §(p, )U(p,t) + 2iw(p, 1)G(p, 1) (57)

forms a closed set of equations for correlation functions. With the help of
Egs. (57), one can exclude the auxiliary correlator from the system (55)

t

9(p,t) = 2U(P,t)/dt'[é(p,t')U(P,t') —U(p,t")g(p, )] cos 26(p,t', 1),

o (58)

t

9(p,t) = Q/dt/[U(Pvt/)g(p,t') = 4(p,t)U(p,t)]U(p,t) cos 20(p, ', 1),

to

using zero initial conditions. The subsequent transformation is based on the
relation

TH{U(DAU()} = T\, DN(p, )T A (59)
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for an arbitrary second-rank matrix A, which follows from Eq. (52). The function
(r=pl)

Alp,t) = (60)

plays a role of some analog of Eq. (16).
Using isotropy of the considered system, we will limit ourselves to the spin-
averaged scalar distributions

o) =3 Teglpt),  fpt)=1-3Tegm0). (6D

Calculating the trace of (58) we get

f(p.1) = F(-p.t) = 5\(p.0) [ dEADL1 = F(-p.t)-

= f(p,t')] cos 20(p; £, t).  (62)

In the case of the vacuum initial state, f(—p, t) = f(p,t), we have

t

f(p,t) = QA(p,t)/dt//\(p,t')[l —2f(p,t')] cos[20(¢,t')], (63)

The KEs (23) and (63) are similar but differ by statistical factors 1 4+ 2f (the
Bose enhancement or the Fermi suppression) and by structure of the factors (16)
and (60). The corresponding linear equations for the non-Hamiltonian dynamical
system become

.1
f= 5)\“’ = A1 —2f] — 2w, v = 2wu. (64)
This system possesses one first integral of motion (see [38])
(1=2f)+v*+u*=1. (65)

This relation represents an ellipsoid in the phase space of (f,u,v) variables.
After exclusion of the function f from Eq.(64), we obtain the system of non-
linear equations
U =A/1—u2—v2— 2w, 66)
v = 2wu.
It can easily be proved that the KE (63) is invariant with respect to time inversion.
Equations analogous to Egs.(26) and (64) were obtained in [53] (see also [26])
for the conformal flat space-time. The KE (63) to the case of spinor QED was
generalized in [54,55]. In the general case, the spin correlation functions (54)
and (56) can be decomposed in respect of the Pauli matrices (e.g., [58]).
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2.3. Observables and Regularization. The total particle number density and
energy density in the considered case are distinguished from the corresponding
expressions (30) and (33) for the scalar system by the spin degeneration factor
g = 4 (for an equal number of particles and antiparticles)

n(t) =1 [ ldpls (o), (©7)
€(t) = (O[Tl0) = 1 [ dplo(p. )1 (p.) (68)
where Tpp is the zero component of the energy-momentum tensor
i - _
Ty = 5[#’7/1(&/#’) - (&ﬂ/J)’W/J] (69)
By definition, the entropy density of the fermion system is equal to
5= =4 [dpllfinf + (- Hin - 1. (70
Finally, the pressure is
1
P(t) = §<Tkk>- (71)
Using (69) and (40), this relation can be reduced to the following form:
1 _
P(t) = g{e(t) —m(t) (¥ (x)p(z))}- (72)
Here the correlation function is calculated by means of relations (44)
1 1 m2(t)
Pt)=z€e(t)+= [ |d 1-2 t Pyt 73
)= 360 +3 [l T =200+ Bl (3

where the last term takes into account the contribution of the vacuum polarization,

2 D
Poo(t) = —=m(t d t). 74
palt) = =gm(0) [ lap) L u(p.) (74)
This result was obtained under additional conditions for «observable» correlation
functions

(Olaf,(p, t)as(p',)|0) = (0[bf, (P, )3 (p', 1)|0) = Sasdpp, (75)

which is a consequence of space-homogeneity and isotropy (absence of the spin
moment) of the system. The auxiliary correlation function (56) is not connected
with the spin moment and, therefore, it remains off-diagonal with respect to spin
indices.
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The same regularization procedure can be realized here for the calculation
of divergence integrals, as presented in Subsec. 1.3 for the scalar bosons. Equa-
tion (25) for the distribution function in the low-density approximation is valid
also after the replacement A(p,t) — A(p,t). Asymptotics of the factor (60) is
equal to A\>°(p,t) = m(t)/p. Using Eq.(25) and the rules of Subsec. 1.3, one can
derive the following expressions for counterterms for the case of fermion fields:

) m(t)  1?
v (Pt) = ||
[4(29 +M )} 76
m(t
0.0 = g

However, these counterterms can be ignored in computer calculations.

It is known [26] that the phase density of pairs created in an electric field
for the whole period of its action is related to long-time asymptotics of solutions
of some oscillator equations. For the inertial mechanism, analogous derivation
results in the following relation [22]:

cosh 7 [(m; — my)] — cosh T [(w; — wy)]

li t) =
tifrnmf(p’ ) 2sinh (Trw;) sinh (Trwy)

; (77
where 7, = 77/2, the indices 4, f correspond to the initial and final states. This
relation is convenient for calculation of observables for long pulses 7 > m, see,
e.g., Fig. 4 where the direct solution of kinetic equation is a very robust numerical
problem.

2.4. Numerical Results. Here numerical investigations of the KEs are pre-
sented for bosons (23), fermions (63), and appropriate densities of observable
variables are estimated (Subsecs. 1.3 and 2.3). As an example, two variants of
time-dependent masses are considered. The first case qualitatively corresponds to
a typical meson mass change under the phase transition within the NJL model [59]

m(t) = (mo —my) exp [—(t/7)%] + my, t>0, (78)

with the parameters mg (initial mass), my (final mass), and 7 (transition time).
Another variant suggested in [22,23] allows an analytical solution of the Dirac
equation

mf+m0+(mf—m0

m(t) = 5 5 ) tanh (2t/71). (79)

Numerical results for solution of the KEs are presented in Figs. 1-8 for m(t)
defined by Eq.(78) with 7 = 10 fm/c and in Figs. 9, 10 for the mass (79) with
7 = 20 fm/c. Masses are specified in natural units, m, = 197 MeV/c2.
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Fig. 1. Time dependence of the pair density Fig. 2. The pair density evolution of fermi-
for bosons and fermions at mg = 1 ons for various initial masses (p — proton,
e — electron)
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Fig. 3. The residual pair density versus Fig. 4. The residual energy density versus the
the mass ratio transition time 7, mg = 1

At a glimpse, the time dependence of quasiparticle density for bosons and
fermions repeats qualitatively the curve r(t); however, when 7(t) — 0 the
densities go asymptotically to certain finite values n, (residual density, Fig. 1,
t > 1), which characterize the real (free) particles (at the active stage of the
process, m(t) # 0, one may talk about quasiparticles only). The n(¢) dependence
for fermions on the initial mass value is shown in Fig.2 in the range from the
electron mass to proton one. This dependence is nonmonotonic: With increasing
my the residual density reaches the maximum at mg ~ 10 MeV and then begins
to decrease. This effect appreciably depends on the variant used for the mass
change: For the case (79) it manifests itself much more clearly than for the
model (78). The residual particle density dependence on the mass change is
presented in Fig. 3. Qualitative behavior of the energy density is similar to that of
particle density, showing a smooth asymptotic decrease (see Fig.4). In Fig.5, the
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Fig. 5. Entropy density evolution of bosons
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Fig. 6. The distribution function of bosons

for different values of the relaxation time in time-momentum variables, mo = 1,
T, Mo =1 7 =10 fm/c
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Fig. 8. Asymptotic form of distribution
functions at ¢ > 7

Fig. 7. Distribution functions at the time
t=7=10 fm/c, mo =1

time dependence of the boson entropy density is presented for different values of
the relaxation time. Nonmonotonic behavior of entropy is caused by the fact that
the system is opened and treated in the nondissipative approximation.

Momentum spectra of particles at different stages of the interaction process
are shown in Figs.6-8. The maximal number of bosons is created with zero
momentum, whereas there are no fermions with p = 0. This feature differs
qualitatively from the case of the Schwinger mechanism of particle creation [38].

It is important that the formation of appreciably nonmonotonic distributions
with the «fast» mass changing (78), Fig.7, assists in the development of plasma
oscillations. For smoother mass changing (79) this effect becomes much less
pronounced.

The most interesting features are observed in the pressure behavior, Fig. 9, 10.
For both variants of the mass evolution and independently of particle statistics,
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Fig. 9. Pressure evolution corresponding to Fig. 10. Asymptotic oscillations of pres-
mass changing (79), mo = 1, 7 = 20 fm/c sure at ¢t > 7 without «switching off» of
vacuum polarization effects

the pressure is negative at the beginning of the process, then it changes its
sign in the reflection point of m(t) and gradually decreases. However, contrary
to other observables, the pressure has no constant asymptotics and at ¢ > 7
looks like almost undamped oscillations, Fig.9. It is distinctive for pressure of
the bosonic quasiparticle system which strongly oscillates around zero, Fig. 10.
The reason is that unlike the other considered quantities, the pressure is not
completely determined by the quasiparticles distribution function f(p,t), but it
depends also on the function u(p, t), which describes vacuum polarization effects.
At the operator language, this means incomplete diagonalization of the energy-
momentum tensor in the Fock space: Averaged over the initial vacuum, its spatial
components include the contribution of anomalous correlators like (0 |af af |0).

Thus, if the process of particle creation stops when the time mass evolution
is completed (1i(t) — 0), the vacuum polarization effects are not «switched off»
simultaneously but continue to influence some observables, e.g., pressure. As
a consequence, in such nondissipative nonequilibrium model it is impossible to
determine unambiguously the equation of state [60].

3. MASSIVE VECTOR BOSONS

3.1. The Complete QPR. The simplest version of quantum field theory of
neutral massive vector bosons is given by the Lagrangian density [56]

1 1
L(z) = -5 Dy OMu” + 5 m?(t)u,u”, (80)
which corresponds to the equation of motion

[0,0" +m?(t)]u, =0 (81)
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with the additional «external» constraint
Ouut = 0. (82)

An alternative way is to proceed from the Wentzel Lagrangian [61]

L(z) = —iF””FW + %mQ(t)u,,u”, (83)
where the strength tensor F),, = 0,u, — d,u,. Here the constraint (82) is a
consequence of dynamical equations. Lagrangians (80) and (83) result in different
energy-momentum tensors (e.g., see [61,62]).

The transition to the QPR is carried out by the standard decomposition of
free fields and momenta in the discrete momentum space with the replacement
m — m(t) in the dispersion law (see Subsec. 1.1),

P an(p.t) e P

1 1
Uu((IJ) - \/sz: \/m {(lu(p,t)e

i , 4 (84)
() = 2y zp: Vw(p,t) {au(p,t) e —a’(p,t)e P}

where a,(p,t) are the classical amplitudes. Unlike the scalar case, the consistent
quantization is possible only after including the constraint (82).
The substitution of the field operators (84) into the Hamiltonian

1
H=—3 /dx (mu 7 + Vu, Vu* + m?(t)u,u”) (85)
gives directly the diagonal form in the Fock space
H==Y w(p,t)a;(p,t)au(p,1). (86)

p

However, this quadratic form is not positively defined. To correct it, one needs
to exclude the ¢ = 0 component by the additional condition (82). The equations
of motion for amplitudes a,(p,t) are similar to the scalar case (15)

1
a‘H(p7 t) = EA(p7 t) a‘;(_p7 t) - ZW(p7 t) a‘H(p7 t)a (87)

where A(p,t) is defined by Eq. (16). Using Egs. (87), the condition (82) may be
transformed now to the following relation (: = 1,2, 3):

w(p,t) ao(p,t) = piai(p,t). (88)
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This equation allows one to exclude the ;1 = 0 component from the Hamilto-
nian (86) and quantize other components, which gives

1
H = Z |:w2 (pv t) 5ik — PiPk aI (pa t) ag (pv t)a (89)

Srowpst)

with the corresponding commutation relation and the vacuum state
|0i(D. 1), af (0',1)| = Girdppr,  ailp,t — —00)[0) =0.  (90)

The next step is the diagonalization of the quadratic form (89) by means of
the linear transformation [56]

a;(p.t) = Eiwar(p,t) = (e1)ian(p, t)+
+(e2)ia(p,t) + (ea)iesas(p,0), - O1)

where {e1(p),e2(p),es(p)} is the local orthogonal basis constructed on the
vector es = p/|p|. These real unit vectors form the triad,

€ikCjk = €kiCkj = Oij, eir = (€i)k- (92)

The transformation (91) establishes the positively-defined Hamiltonian
1= w(p.0)[al (0. (p.0) + ()l (po1)|- ©3)
P

The presence of the w/m factor in the nonunitary matrix E in Eq.(91) leads
to violation of the unitary equivalence between the a representation (89) and
o representations (93). Equations of motion for these new amplitudes follow
from a combination of Egs. (87) and (91)

. 1 ;
(673 (pa t) = §A(pa t)Oéj (_pa t) - ZW(p, t)ai (pa t) + Mij (pv t)aj (pa t) (94)
The spin rotation matrix 7;; is defined as
Nik(Pyt) = —Amdizds (95)

with A,, = —m/m + A. This relation shows a particular role of the third
component.

Together with the Hamiltonian (86), the total momentum operator takes also
the diagonal form. However, the spin operator

S; = Eijk /dx |:uk7'rj + iU — UTE — TU; 96)
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has nondiagonal terms in the spin space in terms of the operator «;
Sp = ie Y [ai (B, s (p, 1) — alp, t)a (p, t)] , o)
p

where €5, is the unit antisymmetric tensor. In particular, the spin projection on
the p3 axis is

$0=1 Y [al (b ax(p.t) - al .0 (9. 1)+
P
+aa(p.)al(p.t) -~ r(p.0al(p.0)|. 09
Thus, this representation can be named the incomplete quasiparticle representation

since the spin projection is not fixed. The operator (98) can be diagonalized by a
linear transformation to the new basis [56]

Ci (pa t) = Rikak (p7 t)a (99)
with the unitary matrix
1 1 4 0
R=—| - 1 0 |. (100)
V2l o 0 V2

As a result, the new amplitudes ¢;(p,t) correspond to creation and annihilation
operators of vector quasiparticles with the total energy, 3-momentum and spin
projection into the chosen direction,

H(O) = Y wlpt) |l 0,000+ ool 0i0)| a0
mﬂzthMHmwﬁ+qmﬂﬂnﬂ, (102)

St =3 [ci (B )er (92 1) — ex(p el (P )+

P
+@@@%@m—%@ﬁ@@ﬁ}(mm

This ¢ representation will be referred to as the complete quasiparticle represen-
tation. The equations of motion for these amplitudes follow from Egs. (94), (99)

1
éi(pvt) = iA(pat)CI(_pvt) - iw(pat)ci(pvt) + nl](pvt)cj(pat)v (104)

where the matrix 7;; is fixed by Eq. (95).
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The transition to this representation from the initial a representation is defined
by the combination of transformations (91) and (99)

c(p,t) = U(p,t)a(p, t) (105)

with the nonunitary operator (e/*) = (e; & ies)/V/2)

6§+) e(;r) 6:(3+)
_ -1 _ (=) (=) (=)
Up,t)=R-E ' (p,t)=| € e e . (106)
m m m

—€31 —€32 ~—€33
w w w

To solve the quantization problem, the equation of motion should be taken
into account. The commutation relation has the noncanonical form

[ci(p,t), ¢t (P, 1)] = Qik(p, ) Qyk (P, 1)dppr (107)
where the matrices @Q;;(p,t) are defined by the equations
Qij(p,t) = mir(p, ) Q1 (P, 1) (108)

with the initial conditions
tiﬂ_noo Qij(p,t) = 0ij- (109)

So the commutation relation is transformed to the canonical form only in the
asymptotic limit ¢ — —oo. Relation (107) provides the definition of positive-
energy quasiparticle excitations of vacuum to be treated as some time-dependent
energy reservoir.

3.2. Kinetic Equations. The standard procedure to derive the KE [29] is
based on the Heisenberg-type equations of motion (87) or (104). Let us introduce
one-particle correlation functions of vector bosons in the initial a representation

Fir(p,t) = (0lal (p, t)ar(p. t)]0), (110)

where the averaging procedure is performed over the in-vacuum state [26]. By
differentiating the first equation with respect to time, we obtain

1
Fu(p.t) = AP, 1) { @in(p,t) + @], (1)} (i
where the auxiliary correlation function is introduced as

q)ik(p7t) = <O|ai(_p7t)ak’(pat)|0>' (112)
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Equation of motion for this function can be obtained by analogy with Eq.(111).
We write out the answer in the integral form

t
1 o
<I>¢k(p,t)=§ /dt’A(p,t’) 041, + 2Fk(p, t')] e20Pitt), (113)

— 00

The asymptotic condition Fj(p, —00) = 0 (the absence of quasiparticles in the
initial time) has been used here. The substitution of Eq. (113) into Eq. (111) leads
to the resulting KE

¢
1
Fip(p,t) = EA(p,t) / dt' A(p, t')[6ir + 2F;(p,t')] cos[20(p;t,t')]. (114)

— 00

This KE is a natural generalization of the corresponding KE for scalar particles
(Subsec. 1.2).

However, there is a number of problems that are specific for the theory
of massive bosons: The energy is not positively-defined, the spin operator has
nondiagonal terms in the space of spin states, etc. This circumstance hampers the
physical interpretation of the distribution function (110). In order to overcome
this difficulty, it is necessary to proceed to the complete QPR where the system
has well-defined values of energy, spin, etc. The simplest way to derive the KE
in this QPR is based on the application of the transformation (105) directly to the
KE (114).

Similarly to the definitions (110), we introduce correlation functions of vector
particles in the complete QPR

fie(p.t) = (0lc] (p, t)er(p,1)0). (115)

They are connected with the primordial correlation functions (110) by relations
of the type

fir(0,t) = UL (D, )Upin (P, 1) Frun (P, 1). (116)

As a result, the KE (114) becomes

t
fzk(pvt) = %A(pvt) / dt,A(pvt/)Mikjl (patvt/)[éjl + 2fjl(pat/)] X

x c0s20(p; t,t') — A (P, 1)[0i3 f3r (P, t) + dk3 fis(p, )],  (117)
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where
Miji(t,t') = 6556+

w(t') m(t)
w(t) m(t')

w(t') m(t)
8i30;30% + 5k35z35$ + o) m()

0i30k30;3013|  (118)

and 5#@ = 51‘1@ - 51‘35]@3-

As was expected, distribution functions f,g(p,t) satisfy the same KE (114)
for « = 1,2. The feature of the complete QPR becomes apparent only in tensor
components of the distribution function f;;(p,¢) which contains the preferred
values of the spin index ¢ and (or) £ = 3. Let us select the KE for diagonal com-
ponents of the correlation function (115) which has the direct physical meaning
of transversal (i = 1, 2)

t

Fiout) = 580.0) [ dAp.¢)[1+26i(p.t)] cos26(pit.t) (19

— 00
and longitudinal components of the distribution function

. 1 m?(t)
fB(P,t) = _QAWL(pat)f?)(pat) + iA(p’t)wQ—(t)X

t
204/
X /dt'A(p,t’):;Q(é,)) [2f3(p,t') + Q(p, )] cos260(p; t, ).  (120)

Here the shorthand notation f;; = f; has been introduced for diagonal components

of the matrix correlation functions (115) and

mim P

A=—-, Ay = —A—. (121)
w

Longitudinal and transversal distribution functions are connected by the relation

where Q(p,t) is the function entering into the commutation relation for the
longitudinal bosons,

[es (1), 50 8)] = Q. t) Gy

m(t) w(to)r (123)

Qp,1) =exp [—2 /t Am(t”dt'} - [m(to) w(t)

with the corresponding initial values m(ty) and w(to).
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Due to relation (122), it is sufficient to solve only Eq.(119). The KE for
transversal bosons is transformed from the integro-differential form to a set of or-

dinary differential equations similarly to the cases considered above (Subsecs. 1.2
and 2.2):

C1
fk = EA’U,]C, Up = A(]. + 2fk) — 2w, Vg = 2WUL. (124)

The general initial condition for all diagonal components of the distribution
function

lim fr(t) = lim wg(t) = lUm wvg(t) =0 (125)
t——o0 t——o0 t

t— —00

satisfies the following requirement:

lim m(t) =mg, or lim m(t) =0. (126)

t——o0 t——o0

The main operating characteristic of the vacuum creation process is the total
number density of vector bosons,

no®) = =5 [ $dp [211(0,0) + Fa,1)].
0

- (127)
1 2
= [ Pdp Llp. 1) [2+ Qp, )],
0
where isotropy of the system was assumed, p = |p|. As will be shown in

Subsec. 3.3, the integral (127) is convergent. It essentially differs from results
based on the Wentzel Lagrangian (83). In particular, as was shown in [16,17,32],
the Wentzel approach leads to infinite particle density. Authors of these papers
give some arguments in favor of that allowing for quasiparticle collisions will
result in finite physical quantities and bring the estimated energy budget of the
Universe to agreement with observation data [17,63].

We will consider below the case when the time dependence of the vector
boson mass is defined by conformal evolution of the Universe. The set of
equations similar to (124) was obtained first in [80] within an alternative model
Lagrangian (83) in the Friedman—Robertson—-Walker (FRW) space-time. The
quantization procedure is quite ordinary in this approach. It would be useful to
compare the predictions of these two models in detail.

3.3. EoS for the Isotropic Case. The relations for the energy density and
pressure can be derived from the energy-momentum tensor corresponding to the
Lagrangian (80)

Ty = —0uua0yu® — dyuaduu® — gu L. (128)
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Taking into account the isotropy of the system, we obtain the EoS for the massive
vector boson gas [16]

c(t) = 2 /[dp] w2+ Q)i
) A ” (129)
P(t) = ge(t) — —m2/ (24 Q) f1 + IPac(t),

3 W

where ¢ Py, (t) is the contribution to pressure induced by the vacuum polarization,

Py (t) = —% / [CL—M (2w2 + m2> {1 +Q (% + Z—Z)} uy. (130)

In order to prove the convergence of the integrals (129), (130), we investigate
the asymptotic behavior of the solution of the system of equations (124). This
system can be solved exactly in the limit p > m for the case @ = 1/2 (the
parameter « is defined in Sec.4)

, 1 21
f:@_% u:;z_g]?(1+2f)—2pv, v = 2pu. (131)

The asymptotic solution of Egs. (131) with the initial conditions (125) is

v(p,t)  sin® p(t — to)
(2p/mo)3 16(p/mg)8

sin 2p(t — to)

f(p,t) = A(p/mo)®

u(p,t) = (132)

where mo = m(te) = m>°t;"/* and ty = 1/mg. The numerical study of

Egs. (124) shows that the basic features of the solutions (132) for o = 1/2 are
conserved also for other o > 0. It corresponds to the results of Subsec. 1.3.
According to Eq.(132), the particle number density and energy density (see
Eqgs. (127) and (129), respectively) are convergent, but the vacuum polarization
contribution to pressure (130) is divergent. Moreover, irrelevant fast vacuum
oscillations of the pressure are observed here. Such a behavior of the pressure
for a plasma created from vacuum is not specific for the present theory but it
is inherent in the models where an electron—positron plasma is created in strong
time-dependent electric fields as investigated in [64]. The standard regularization
procedure of similar integrals with some unknown functions satisfying ordinary
differential equations is based on the study of asymptotic decompositions of these
functions in power series of the inverse momentum, 1/p” (see Subsec. 1.3). In the
considered case, such a procedure is not effective because the solution (131) has
quickly oscillating factors («Zitterbewegung»), whose asymptotic decomposition
leads to secular terms. Therefore, for numerical calculations we regularize the
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pressure by a momentum cut-off at p = 10mg and separate its stable part by
means of the time averaging procedure

t

1

to

Such «coarse graining» procedure was proposed in [65] in order to exclude the
«Zitterbewegung» from the description of vacuum particle creation. In reality,
these fast oscillations are smoothed out due to dissipative processes which are not
taken into consideration here (the first attempt to derive the collision integral for
the scalar quasiparticle gas in a strong electric field was made in [42]).

4. APPLICATION TO CONFORMAL COSMOLOGY MODELS

The description of the vacuum creation of particles in time-dependent grav-
itational fields of cosmological models goes back to [45,66—68] and has been
reviewed, e.g., in monographs [34,69,70]. The particularity of our work consists
in the consideration of vacuum generation of particles at conditions of the early
Universe in the framework of a conformal-invariant cosmological model [16,17].
Thus, the space-time is assumed to be conformably flat and the expansion of the
Universe in the Einstein frame (with metric g,,,) with constant masses /m can be
replaced by the change of masses in the Jordan frame (with metric g,,,,) due to the
evolution of the cosmological (scalar) dilaton background field [14,71]. This mass
change is defined by the conformal factor ©(x) of the conformal transformation

Guv (@) = (@) - (134)

Since mass terms generally violate the conformal invariance, a space-time depen-
dent mass term

m(x) = ——m (135)

has been introduced which formally keeps the conformal invariance of the the-
ory [34]. In the important particular case of the isotropic FRW space-time,
the conformal factor is equal to the scale factor, Q(x) = a(f), and hence
m(t) = a(t)meps, where f is «the Einstein time» and myps is the observable
present-day mass. Such a dependence was used, e.g., in [26] for the FRW metric.

On the other hand, the scaling factor a(t) is defined by the cosmic equation of
state. For a barotropic fluid, this EoS has the form

Pyon = (v — 1)epn = C2epn, (136)
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where P}, and €;,;, are phenomenological pressure and energy density (in contrast
to «dynamical» P and €, see Subsec. 3.3); «y is the barotropic parameter; c; is the
sound velocity. The solution of the Friedman equation for such EoS leads to the
following scaling factor:

a(f) ~ 1 23, (137)

Kinetics of the vacuum creation of massive vector bosons (Subsec.3.2) was con-
structed in the flat Jordan frame with the proper conformal time ¢ which is
necessary to introduce now in Eq.(137). The transition to the conformal time is
defined by the relation dt = dt/a(t). From this relation and Eq. (137) it follows

) 9\ 137/(3v-2)
~ [(1 — —) t} . (138)
3y

The substitution of this relation into Eq. (137) establishes the mass evolution law
in the terms of the conformal time

2

m(t):(t/tH)amW, Oé:?)’y—_Q,

(139)
where ty = [(1 + o)H] ™! is the scaling factor (the age of the Universe); H =
70 km/s/Mpc is the the present-day Hubble constant and the WW-boson mass is
taken as my = 80 GeV. Values of the o parameter for some popular EoS are:
v =2, a = 1/2 (stiff fluid); v = 4/3, & = 1 (radiation); v = 1, a = 2 (dust);
v < 2/3 (quintessence); v = 0, « = —1 (cold matter including baryon mass and
dark matter) [72,73].

Due to back reactions and the dynamical mass generation during the cosmic
evolution the detailed mass history remains to be worked out. The central ques-
tion, however, is whether the number density of produced W bosons could be
of the same order as that of the cosmic microwave background (CMB) photons,
nomB ~ 465 cm™3. If this question may be answered positively, the vacuum
pair creation of W bosons from a time-dependent scalar field (mass term) could
be suggested as a mechanism for the generation of matter and radiation in the
early Universe.

The numerical analysis of Egs. (124) for massive vector bosons is performed
by the standard Runge—Kutta method on a one-dimensional momentum grid. As
one can see in Fig. 11, the creation process ends very quickly and the particle
density saturates at some finite value. The momentum distribution of particles
is formed also very early when m(t) =~ mg and frozen in such a form so later
on, for times ¢ > tg, most of particles have very small momenta p < m(t).
The spectrum of created bosons is essentially nonequilibrium; hence we should
continue the analysis of relevant dissipative mechanisms and other observable
manifestations of a nonequilibrium state (e.g., CMB photons; in this connection,
see, for example, [74,75]).
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Fig. 11. Time evolution of the number density for transversal n; and longitudinal no
vector bosons with the initial condition moto = 1 for « = 1/2 (a) and the corresponding
momentum distribution at the time ¢ > t¢ (b)
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Fig. 12. The dependence of the number density of residual vector bosons on the initial
time to: « =1/2 (a), « =1/3 (b)

The dependence of the corresponding final value of density on the initial time
is shown in Fig. 12. The final density n; of the transversal vector bosons with
spin projection +1 reaches a maximum when for very early initial times we are
close to the birth of the Universe. However, in the same limit, the density f3
of the longitudinal particles with zero spin projection grows beyond all bounds.
The choice of the EoS changes drastically the number of created particles, thus
resulting in values which are too small (o« = 1/2) or too large (o = 1/3) in
comparison with the observed CMB photon densities. In order to improve this
model, we should use an improved EoS, assuming that the barotropic parameter y
characterizing the evolution of particle masses can be changed during the time
evolution. Such a time-dependence could be induced by action of the back-
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Fig. 13. The time dependence of the energy density and the mean value of pressure (133)
at t > to (a) as well as pressure (129) (b) with the initial condition moto = 1 for « = 1/2

reaction of created particles on the scalar field. Furthermore, we could use another
space-time model, e.g., the Kasner space-time [76] instead of the conformally flat
de Sitter one. As compared to the earlier work [16], the main achievement of
this approach is that there is no divergence in the distribution function; thus we
do not need to introduce any ambiguous regularization procedure.

As shown in Fig. 13, the mean pressure remains negative and its magnitude
becomes negligible in comparison with the energy density (as to the role of
the negative pressure in cosmology, see, e.g., [77]). These features can lead
to violation of the energy dominance condition € + P > 0 that corresponds
to accelerated expansion of the Universe. Such a kind of models is widely
discussed (e.g., [78]). For large time moments, the energy density grows but the
pressure stays very small, P ~ 0. The energy growth under condition P ~ 0
results in the conclusion that the massive vector boson—antiboson gas created
from the vacuum is cold. It can be seen directly from Eq.(129) that at large
times £(t) ~ m(t)niot(t), because of w(t) ~ m(t). This EoS of the massive
vector boson gas (¢ # 0 and p ~ 0) corresponds to dust-like matter [79], which
would characterize the evolution of the Universe when the vector boson gas is
the dominant component of its matter (energy) content. At a qualitative level,
this conclusion is valid independently of the specific choice of the EoS and, in
particular, in the case of the dust-like EoS. It would be interesting to obtain a
formula like (139) as a result of the solution of the Friedman equation with the
EoS (129), (130) (such a procedure represents the back reaction problem) and
investigate self-consistently the production of vector bosons in the Universe. Let
us remark that vacuum creation of massive vector bosons in the FRW metric was
first considered in [80].

In order to investigate features of the fermion vacuum creation in the confor-
mal model of the Universe, let us use the corresponding basic KE (63) and, as an
example, choose the system of heavy top quarks with the mass m, = 170 GeV
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Fig. 14. The time dependence of fermion pair Fig. 15. The final density of fermions for

density for a mass evolution with o = 1/2 the conformal time dependence of mass

and my = 170 GeV (139) as a function of the initial time ¢o
fora =1/2

(with the change m,, — mg, in Eq. (139)). The values of the parameter « are the
same as for the vector boson. As one can see in Fig. 14, the creation process is
completed very quickly and the particle density saturates at some finite value.

Finally, Fig. 15 shows the dependence of the residual density on the initial
time ¢y for m(t) given by Eq.(139). At the qualitative level, the same picture
will take place for the vacuum creation of neutralino, which can be the main
component of dark matter (e.g., [81]). An analogous problem in early cosmology
was considered in [15].

5. SYSTEMS WITH METASTABLE VACUUM

5.1. Formulation of the Problem. Here a rather general mechanism of
the mass formation as a result of self-consistent dynamics of mean-field and
quantum fluctuations will be considered. The separation of the quasi-classical
background field is a common procedure of different nonperturbative approaches
in QFT [26,34,82,83]. In the framework of this procedure quantum fluctuations
can be described by the perturbation theory.

There is a class of physics problems in which the strong background field
creates particles which in turn influence the background field (the back reaction
problem). In this respect it is worthy to mention such problems as the decay
of disoriented chiral condensate [84], the resonant decay of C'P-odd metastable
states [4,85], the preequilibrium QGP evolution [29,36,37,86], the phase transition
in systems with the broken symmetry [87], etc.

The construction of general kinetic theory of such a kind for various poten-
tials is presented in Subsec.5.2. We will derive the closed system of equations
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for the self-consistent description of the back reaction problem, including the KE
with nonperturbative source term describing the particle creation in the quasi-
classical background field and the equation of motion for this background field.
We use the OR to derive the KE. As an illustrative examples, in Subsec.5.3 the
one-component scalar theory with ®* and double-well potential are considered.
In these examples, we study some features of the proposed approach. In partic-
ular, the problem of the stable vacuum state definition and possibility to emerge
tachyonic regimes is discussed. As a less trivial example, the pseudoscalar sector
of the Witten—De Vecchia—Veneziano model will be considered. Similar analysis
was carried out in some other models of such a kind (e.g., [4,85,88-90]). In this
section, we follow paper [1].

5.2. The Set of Basic Equations. Let us consider now the scalar field La-
grangian with a self-interaction potential V[®]

1 1
L[®] = 5@@ D — 5m§q>2 - V[®], (140)

where myg is the bare mass and the potential V[®] is an arbitrary continuous
function with at least one minimum that is necessary for a correct definition of
the vacuum state. It is assumed that the field ® may be decomposed into the
quasi-classical space-homogeneous time-dependent background field ¢o(¢) and
fluctuation part ¢(x)

®(x) = po(t) + o(x). (141)

In accordance with the definition of fluctuations, we have (¢) = 0 and (®) = ¢,
where the symbol (...) denotes some averaging procedure. The background field
¢o(t) can be treated as quasi-classical one at the condition [91]

ol > 1/(6t)?, (142)

where Jt is the characteristic time of the field averaging.

We consider the case of quite small fluctuations in the vicinity of the back-
ground field. Therefore, the potential energy expansion in powers of ¢(z) can be
performed

V18] = Vigo] + Raé+ 3 Rad? + Vilo, o, (143)
where
2
Ry = Ryjoy] = dg(fgd, Ry = Rafdo] = 2 ;;[3’01 (144)
0

and V,.[do, ®] is a residual term containing the higher order contributions to
be neglected in the current consideration (nondissipative approximation). The
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decomposition (143) can be finite (for polynomial theories) or infinite. After field
decomposition (141) the equation of motion

dV [®]

0,0"® +m3d + — =0 (145)
can be rewritten in the following form:
(—=8,0" —m?)¢p = Ql¢o, ¢, (146)
where the relation
m?(t) = m*[go] = m + Ra[¢o] (147)

defines the time-dependent in-medium mass. The term in the r.h.s. of (146) is

Ql60, 6] = do + miido + Raldo] + Qa[¢o, 0,

_ LdRs[¢o] (148)
Qalo, 9] = 5= 0

As a result of averaging of Eq. (146), the equation of motion for the background
field is obtained

bo + m2po + Ralgo] + (Qa]do, 8]) = 0, (149)

where the time independence of the averaging procedure is taken into account.
The space-homogeneity assumption implies that the function (Q2[¢o, ¢]) in

Eq.(149) can depend only on time. As follows from Egs. (148) and (149), the

source term in the r.h.s. of Eq. (146) is exclusively defined by fluctuations,

Qldo, ¢] = Q2[¢o, ¢] — (Q2[¢0, ¢])- (150)

On the other hand, in a nonstationary situation the field function ¢(x) allows the
decomposition:

o) = % ij {69, e ™ + 6O (p,1) P}, (151)

where ¢(*)(p, t) are the positive and negative frequency solutions of the equation
of motion

¢ (p,1) + W (p, )6 (p, 1) = —Q[o. ¢; P (152)
with
W2(p,t) = mA(t) + p? (153)
and with the Fourier image Q[¢o, ¢; p] of the function Q[¢o, ¢,

1 —ipx
Qldo, ¢] = W%:Q[aso,aﬁ,p]e Px, (154)
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The function Q[¢o, ¢; p] gives a nonlinear contribution to Eq. (152). We suppose

that there exists a finite limit , lim »F) (p,t) = ¢(_i)(p) in the infinite past and

assume that solutions ¢(*) (p, t) become asymptotically free ¢*) (p,t) — et~

where w_(p) = tlim w(p,t). The existence of the last limit is based on the
——00

adiabatic hypothesis about switching off the self-interaction in Eq. (147).
After the decompositions (141) and (143), the Hamiltonian density is

H[®] = H[gpo] + H1lgo, ¢| + Hz[po, 9] + Vi [do, 9], (155)

where Hy[¢g] is the background field Hamiltonian, and the terms H; and Hs
are the Hamiltonian functions of the first and second order with respect to the
fluctuation field

H{go] = Holgo] + Vg0 = %d% + %mgég + Vg, (156)
Hilgo, @] = dod + (mido + Ra[oo])9, (157)
Hy[go, ¢] = %d)Q + %(W))Q + %m%ﬂ. (158)

The quasiparticle representation for fluctuations is constructed by means of the
decompositions (8). In order to obtain equation of motion for operator a(p,t),
let us write the corresponding action with the Hamiltonian (156)—(158) (this way
is alternative to the Hamiltonian approach of Subsec.1.1)

S[e] :/d4x {rd — Hy — Hy — V}. (159)

If decompositions (8) are substituted here, we get
1 . . .
Slél = 5 Z/dt {i [a¥(p,t)a(p, t) — a(p, t)al (p, )] —
P

B Z}Jg:g [aT(p’t)aT(_P,t) - a(—p,t)a*(pvt)] _

~w(p,t)[a'(p,t)a(p.t) + a(p,t)a’ (p, )] = 2Vip[do, ¢]} + S1[¢], (160)

where S1[¢] is the part of the action corresponding to the Hamiltonian (157) and
Vplo, @] is the Fourier image of the residual potential term. Variation with re-
spect to a(p, t) and subsequent transition to the occupation number representation
lead to the Heisenberg-type equations of motion (p # 0)

1
a(p,t) = W (p, t)a' (=p,t) = i[Hz + Vs, a(p, 1)), (161)
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where

W(p,t) _ RQ[(bO] .

VPO = )

(162)

In Eq.(161) the condensate contribution generated by the action part Si[¢@] is
omitted because it corresponds to p = 0 (an appropriate mechanism of the
condensate state with p = 0 and excitations is absent in the present model).

Let us introduce the distribution function of quasiparticles, according to
Eq.(18). Using methods of Sec.1 and Eq.(161), we get the kinetic equation
in the nondissipative approximation, V,.[¢g, ¢] — 0,

.1
= §Wu, u=W(1+2f)—2wv, ©=2wu, (163)
which is an analog of (26) with the replace of A by W. To rewrite Eq. (149) for

the background field in the nondissipative approximation, one has to calculate the
averaged value (in|¢?(x)|in). In the space-homogeneous case one can obtain

. o1 dp
(inlg*(@lin) = 5 [ Sl +2/(.1) + ulp. )] (164

Then Eq. (149) is reduced to

1

2

do + mo + Ri[do] + L dR, dp [

2ddy J w(p.t)

(the vacuum term is omitted in integrand).

The KEs (163) and (165) form the closed set of nonlinear equations describing
the back-reaction problem. In the case of v[®g, ®] = 0, this set of equations
directly follows from nonperturbative dynamics and assumption (141). For the
description of the particle creation we will use the particle density (30) as well
as the background field energy €, and energy of created quasiparticles ¢,

1. 1

€l = §¢c2) + §m3¢c2) + V(¢o),
. (166)
(= [ .0 f @)
The conservation of the full system energy can be shown analytically.

The constructed formalism allows the consideration of certain initial states
at the time ¢ = to: Initial excitation of the background field ¢ (tp) and ¢o(to)
is given under the additional condition that either f(p,ty) = 0 or f(p,to) # 0,
where f(p,to) is some initial plasma distribution.
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5.3. Examples. 5.3.1. ®* Potential.  The separation of the background
field (141) in the potential

V(@] = im‘*, A>0 (167)
leads to the following decomposition coefficients (144):
Ri[o] = Ay, Ro[éo] = 3A¢5,
Vioo = 7A6k Vilow 6] = Moo + 0/4)6"

Thus, the time-dependent quasiparticle mass of the fluctuating field (147) is
equal to

(168)

m2(t) = m2 + 3\¢Z. (169)

If A < 0 and the excitation is strong enough, it is possible that a tachyonic mode
will arise that corresponds to an unstable state [92]. The mass (169) determines
the factor (162)

_ 2% o
w?(p,t)’
The KE (163) with this factor is correct in the nondissipative approximation where
the residual potential V,. is neglected.
Let us write down also the equation of motion for the background field (165)
in this approximation:

W(p,t) (170)

o+ M>(t)do + Adj = 0 (171)
with the corresponding mass to be equal to
M2 (t) —m2+3A/dB—k f( t)+1u( ) (172)
- W [T

i.e., the mass of the condensate excitations is defined by both the distribution of
quasiparticles and the vacuum polarization.

In numerical calculations we apply zero initial conditions for the distribution
function and nonzero ones for the background field ¢o(tg) = 1.2 (here and below
we use the units 7 = ¢ = 1). Parameter values are chosen by analogy with [87],
where the authors offered an alternative method for describing quantum systems
under action of the strong background field (the so-called Cornwall-Jackiw—
Tomboulis method [93]). As is seen in Fig.16, at the early evolution stage
all energy is mainly concentrated in field oscillations. For ¢t < 50, the particle
number density grows slowly. However, density drastically increases at ¢ ~ 50
and after this time the quantum energy dominates over classical one.

The case A < 0 (absolutely unstable potential) is associated with a tachyonic
regime which is realized for high enough excitations when the initial amplitude
do(to) satisfies the condition mZ + 3\¢p3(tg) < 0.
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Fig. 16. Time evolution for the symmetric ®* potential: a) the mean field; b) the particle
density; c) the energy density; d) the momentum spectra of particles at time moments
t = 40 fm/c and ¢t = 50 fm/c. Parameter values used are: A = 1, mg = my = 197 MeV,
$0(0) =1.2 fm™*, $o(0) = 0

5.3.2. Double-Well Potential. The potential

1 1
V[®] = ZA@“ - §u2<1>2, A>0 (173)

leads to the same equation (171) for the background field but with a new mass
(we put here my = 0 and uQ > 0)

20 2 dp 1
w20 =33 [ B0, 4 Juto )] (174)
The factor (162) equals )
W(p,t) = AS%0%0_ (175)

- T2w3(p,t)’
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where now the quasiparticle frequency (153) includes the time-dependent mass
m?(t) = —p? + 3)\¢p. (176)

The vicinity of the central point ¢¢(t) = 0 is an unstable region. In this
region the group velocity v, = dw(k)/dk = k/w(k) is either superluminous for
k > k., where k. is the root of the equation w(k,¢) = 0 or undefined for k < k.
Thus, it is the tachyonic region.

Let us denote the minimum position of the potential (173) as ¥ = +¥( =
+u/ v/ and put the new origin of the reference frame in one of these points,
® = U, + U. We discriminate now the background component ¢ and the field
U, je., U = ¢g+ ¢. We will omit the sign indices (4), which identify the
branch of Wy which the fields W, ¢y, and ¢ belong to. Only rather a small
range of excitations in the vicinity of the stable points W will be considered
below, [¢(z)|, |o(t)] < V2T, where ++/2T are the roots of the equation
V[¥] = 0. Using Eq. (145) and methods described in Subsec.5.2, one can obtain
the following system of equations of motion:

G0 + 20 b0 + BAVL] + A + BA(Wx + ¢0)(6%) + M¢®) = 0, a7
—[0,0" + mL(1)]d + 3A(V+ + ¢0)[(¢°) — %] + A[(¢”) — ¢°] =0,
where
m?(t) = 2u” + 3\go(do + 2W2). (178)

In the nondissipative approximation only linear terms should be kept in Eq. (177).
This leads to the KE (163) with the factor defined by the time-dependent
mass (178) '
v(p,t 3\ v
We(p,t) = wp,t) _ ¢0(<§0 +¥y)
2w(p, 1) 2w*(p,t)
The mean values (¢?) and (¢3) are calculated either in the minimal order of

the perturbation theory (for A < 1) or in the random phase approximation. We
use the result (164) for (¢?) and (¢*) = 0. Thus, we have

(179)

b0 + Ao [(2+ 3¢0) T + ] +

+ 3A(Wy + ¢o)/ dp

2w(p,t)

Numerical results for the set of parameters corresponding to [87] are presented in
Fig. 17. The stationary regime is achieved faster than in the case of the symmetric
potential.

Another formalism for describing the strong field problem in the quantum
field system with the potential (173) is developed by J.Baacke et al. (see [87],

2f(p,t) +v(p,t)] = 0. (180)
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Fig. 17. Time evolution for the bistable ot potential (173): a) the mean field; b) the particle
density; c¢) the energy density; d) the momentum spectra of particles at time ¢ = 10 fm/c
and ¢ = 40 fm/c. Parameter values are mo = 0, u = mp, A = 6, ¢o(0) = 0.58 fm™!,

$0(0) =0

and papers cited therein). Here the general kinetic approach is developed for arbi-
trary highly-excited nonequilibrium states in the scalar QFT with self-interaction
admitting the existence of unstable vacuum states. We restrict ourselves to the
collisionless (nondissipative) approximation. However, attempts to go beyond this
approximation have been made [42]. As a particular example, ¢* and double-well
potentials were investigated.

It would be of interest to study some other properties of the considered
model, such features as excitation transitions between states with different vacua
(in the same space-time point). Apparently, it is possible at high initial excitation
|p0(0)] > v/2¥(0) and as a consequence of the tunnelling process through the
central barrier. The last problem is especially interesting in the generalized
double-well potential model with nondegenerated vacuum states.
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5.3.3. n-Meson System. We will use now the developed technique to consider
a more complicated quantum field system, namely, the n-meson sector of the
Witten—Di Vecchia—Veneziano model [2] which describes the low-energy dynam-
ics of the nonet of pseudoscalar mesons in the large N, limit of QCD. We drow
our attention to the singlet state of this model with the following Lagrangian [85]:

1
L= 5 .10 + b2 p? cos (%) - gn2, (181)

where b = /3/2bs, by = 92 MeV is the semileptonic pion decay constant,
1
= g(m% +2m%) ~ 0.171 GeV?, m, and my are 7- and K-meson masses,

a = m% + mf,/ —2m2 ~ 0.726 GeV? for zero temperature. The corresponding
total Hamiltonian density is given by

1 1 1 n
H=-ii*+= 24+ Zan® + 2622 sin? - 182
517+ 5(Vn)™ + gan” + 267" sin” o, (182)
where the constant addend b?p? was discarded.
The Hamiltonian density (182) can be reduced to the form [2]
1. 1 1
(183)

H;, = QZ)Q/VL2 [sin2 % - (%)1 )

where m3 = a + p?. The effective potential H;,, is constructed in such a way
that its formal decomposition with respect to the field function 7(z) does not
contain the corresponding squared contribution to be associated with the mass
term. However, the redefinition (183) leads to the absolutely unstable potential
(Subsubsec. 5.3.1) with the corresponding tachyonic modes [2]. In our opinion,
these modes have artificial character and can be eliminated by return to the original
Hamiltonian density (182).

By analogy with Eq.(141), let us select the quasi-classical field ng(t) and
quantum fluctuation part ¢(zx),

n(x) =no(t) + o(x). (184)

Now we can implement the general formalism of Subsubsec.5.3.2 to the n-meson
system with the Hamiltonian density (182). The master equation (165) is now
given by

) . 1 [d 1
iio + ano + bu? sin (77—60) [1—2—1)2/%’ <f+§v>] —0, (185)
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field energy (b). Parameter values are mo = 0, 70(0) =0

where w(p, t) is the quasiparticle energy (153) with the mass (147)

mQ(t)za—l—,uzcosn—bO. (186)
The KE (163) is defined via the factor (162) which can be presented as
2
M . .. No
W(p,t) = ————— —. 187
(p,1) Do s (187)

The mass formula (186) allows one to fit parameters a, u2, and mQ(t) > 0
for any amplitude of the quasi-classical field 7o(t), as is seen in Fig.18. The
qualitative behavior of the presented observable is similar to that for the bistable
potential case. Oscillations of the condensate energy are more pronounced for the
symmetric potential that is related with higher initial values of 7.

It was shown that if one vacuum state among a set of vacuum states is fixed,
it leads to some specific evolution of the system under action of the mean field.
But there is an open question concerning occupation of other system states due
to tunnelling process [70]. This problem follows also from our treatment.

SUMMARY

This review is mainly based on the results obtained by the authors in the
last years and aims to summarize the information about the kinetic description
of vacuum particle creation. The latter results for the inertial mechanism with
the time-dependent particle masses are stipulated at the phenomenological level.
Three basic quantum field models were considered here: massive scalar, vector
and spinor fields. The constructed kinetic theory was applied (Sec.4) to a confor-
mal cosmology model for investigation of matter created from vacuum in an early
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period of the Universe evolution. In particular, it was shown that the density of
the produced vector bosons is sufficient for explanation of the present-day density
of CMB photons.

The obtained results can be used for a subsequent study of different aspects of
matter dynamics created from the vacuum in the early Universe (the equation of
state, the long wave-length acoustic excitations, the back-reaction problem, etc.).
Only the single mechanism of a mass change was considered where this change
is induced by the conformal expansion of the Universe whose action is switched
on for the mass mg(tp) at some arbitrary initial time ¢y. For construction of
a more elaborated theory, one should eventually take into account the inflation
mechanism of mass generation acting during an earlier period of the Universe
evolution [72,94-96]. It would be of interest to consider the generation of
particles of different masses and quantum statistics using Eq. (139) which is valid
for all particles independently of their inner symmetry.

Interesting perspectives are opened up also by results of Sec.5, where some
simplest quantum field models are investigated for scalar fields with various self-
interactions and a corresponding quasi-classical nonstationary field (the problem
of a phase transition at the restoration of broken symmetry, particle tunnelling
between states with a different vacua, etc.).

Certainly, the considered examples do not exhaust all variety of systems,
where the vacuum generation of particles is induced by the inertial mechanism.
In particular, a large class of experimentally controlled models of meson and
quark subsystems evolved close to a phase transition has remained beyond our
scope. In addition, the investigation of two-particle correlations is of interest
for description of some delicate experimental effects in nuclear reactions [23].
The extension of the mean-field approximation to take into account the back-
reaction and collisions is studied intensively with different methods in some
scalar models [85,87]. The important problem of relevant initial conditions also
attracts attention in the context of heavy-ion collisions [97]. We did not worry
much concerning relativistic invariant form of the developed formalism: it is an
open question. The basis for its solution is the covariant Hamiltonian formalism
in relativistic kinetic theory [13,31,32].

Finally, some effects discussed here take place also in condensed matter
physics and can be interpreted in the conceptual framework of the inertial mech-
anism (e.g., [98,99] and references therein). Such a kind of analogy is very
promising for an experimental test of the given theory with more accessible
realizations under condensed matter conditions.
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