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A relativistic kinetic description for the irreversible thermodynamic process of gravitationally induced
particle production is proposed in the context of an expanding Friedmann-Robertson-Walker geometry. We
show that the covariant thermodynamic treatment referred to as “adiabatic” particle production provoked
by the cosmic time-varying gravitational field has a consistent kinetic counterpart. The variation of the
distribution function is associated to a noncollisional kinetic term of quantum-gravitational origin which is
proportional to the ratio I'/ H, where I' is the gravitational particle production rate and H is the Hubble
parameter. For I' << H the process is negligible and as should be expected it also vanishes (regardless of
the value of I') in the absence of gravitation. The resulting nonequilibrium distribution function has the
same functional form of equilibrium with the evolution laws corrected by the particle production process.
The macroscopic temperature evolution law is also kinetically derived for massive and massless particles.
The present approach points to the possibility of an exact (semiclassical) quantum-gravitational kinetic

treatment by incorporating backreaction effects in the cosmic background.
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I. INTRODUCTION

Many decades ago, Parker and collaborators put forward
a microscopic description to the particle production mecha-
nism due to the time-varying gravitational field of the
expanding Universe [1]. Such studies were based in the
so-called Bogoliubov mode-mixing technique in the con-
text of quantum field theory (QFT) in curved space-time.

Qualitatively, this gravitationally induced quantum
creation mechanism can easily be understood. In the case
of a scalar field evolving in a Friedmann-Robertson-Walker
(FRW) geometry, for example, its effective mass becomes
a time dependent quantity. When the field is quantized,
this leads to particle creation with the energy for the newly
created particles being supplied by the time-varying
gravitational background [2]. In other words, unlike the
Minkowski spacetime, the time-varying geometry behaves
like a “pump,” transforming curvature into particles.

Particle production in the expanding Universe has also
been intensively investigated in the context of inflation, in
particular, during the reheating and preheating stages. The
former is an extreme nonadiabatic process happening just
after the (adiabatic) slow-rolling regime while the latter is
characterized by a highly nonthermal exponential particle
production due to a parametric resonance in the first stages
of the reheating process [3,4]. Indeed, particle production
may also take place even during a possible nonadiabatic
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slow-rollover phase as assumed in the so-called warm
inflationary scenarios [5].

On the other hand, although describing rigorously the
particle production process for test fields (scalar, vectorial
or tensorial) evolving in the cosmic background this
approach does not provide a clear recipe of how the created
particles modify the classical Einstein field equations
(EFE). This is the famous quantum backreaction problem,
a subject that although intensively investigated in the
literature has not been properly solved yet.

Later on, the emergence of particles in the spacetime at
the expenses of the gravitational field was also macro-
scopically described by Prigogine and coworkers based on
the nonequilibrium thermodynamics of open systems [6].
Such an approach was rediscussed by some authors [7]
within a manifestly covariant formulation and further
applied to cosmology. Its basic advantage is that back-
reaction is naturally incorporated and constrained by the
second law of thermodynamics.

Nevertheless, it is also an incomplete description in
the sense that the matter creation rate must be calculated
from QFT in the FRW geometry. The difference between
gravitationally induced particle production and the bulk
viscosity mechanism (as phenomenologically suggested
by Zeldovich [8] to describe particle creation) was also
discussed by Lima and Germano [9]. These authors
demonstrated that both scalar dissipative processes (particle
production and bulk viscosity) are able to generate the same
cosmic dynamics but are fully different from a thermody-
namic point of view.

© 2014 American Physical Society
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In the last few years, much attention has been paid for
cosmologies driven by gravitational “adiabatic” particle
production where matter and entropy are generated but the
specific entropy (per particle) remains constant [10-18].
Since the creation process is macroscopically described by
a negative pressure of quantum origin (backreaction), these
models have been investigated as a possibility to unify the
so-called cosmological dark sector. In this case, as sug-
gested long ago, the accelerating stage of the Universe at all
phases (early and late time inflation) becomes a conse-
quence of the induced gravitational particle production
[10]. The connection among warm inflation [5], decaying A
models and particle production cosmologies has been
discussed by several authors [19,20].

Along these lines, it should be recalled that Lima ef al.
[12] proposed a creation cold dark matter (CCDM) cosmol-
ogy with one free parameter that is equivalent to the ACDM
evolution both at the background and perturbative levels [17]
(see, however, [13]). More recently, even a complete
cosmology where the space-time matter evolves between
an early and a late time de Sitter phase driven by particle
production has been proposed and its predictions compared
with the available astronomical data [14]. The consistency of
such a scenario with the generalized second law of thermo-
dynamics was also discussed in detail by Mimoso and Pavén
[15] (see also [18] for a more general analysis).

Indeed, although the scenario has been very successful
at mimicking ACDM model predictions, it has also been
recognized since long ago that the lack of a more
fundamental approach for this macroscopic treatment
works like a Damocles sword hanging over the foundations
of any cosmology endowed with continuous gravitationally
induced particle creation.

In this paper, we go one step further by examining the
kinetic basis of the macroscopic description for particle
production at the expenses of the gravitational field in the
framework of the FRW geometry. In order to clarify some
subtleties present in the earlier results, we first rediscuss the
irreversible macroscopic thermodynamic description in the
case of adiabatic particle production.

As we shall see, associated with such thermodynamics
there is a consistent microscopic kinetic description from
which all macroscopic nonequilibrium results are readily
recovered. Unless explicitly stated, in this work we use
units in which the speed of light and the Boltzmann
constant are ¢ = kz = 1.

II. COSMOLOGY, THERMODYNAMICS AND
MATTER CREATION

In what follows we consider that the Universe is
described by an arbitrary FRW geometry

dr?

1 — kr?

ds* = di* — az(t)< +r2do* + rzsen29d¢2), (1)
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where a(t) is the scale factor and k = 0, £1 is the curvature
parameter. For the sake of completeness as well as to
specify the kind of creation process discussed here we first
review briefly the thermodynamic description in such a
background.

A. Equilibrium states

Following standard lines, the equilibrium thermody-
namic states of a relativistic simple fluid are characterized
by three independent quantities: a particle current N*, an
entropy current S¥, and an energy momentum tensor 7+
which satisfy the following conservation laws:

N¥ = nut, NH,

H

=0, (2)

SH = sut, SH 0, (3)

;”:

™ = (p + P)u*u* — Pg", T™";, =0, (4)
where (;) means covariant derivative, and p, P, n and s are
the energy density, pressure, particle number density, and
entropy density, respectively. In the FRW background, the
above conservation laws can be rewritten as (a dot means
comoving time derivative)

n-+n® =0, S+ 50 =0,

(5)

where the scalar of expansion, ® = 3a/a = 3H (H is the
Hubble parameter). The quantity ®~! specify the macro-
scopic time scale of the fluid.

The above thermodynamic quantities (p, P, n and s) are
related to the temperature 7 by the local Gibbs law:

p+(p+P)O=0,

P
nTd <£> =nTdo = dp - [Ldn, (6)
n n

where ¢ is the entropy per particle. In addition, the validity
of the local form of Euler relation [21]

nTo =P+ p— un, (7)

where yu is the chemical potential, together with the Gibbs
law, leads to the so-called Gibbs-Duhem relation:

nodT = dP — ndy, (8)

showing that there are only two independent thermody-
namic variables, say, n and 7. Now, by assuming that
p=p(T,n) and P = P(T,n) and combining the energy
conservation laws with the thermodynamic identity

) e, o
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one obtains the temperature law

T oP\ n oP
(&)= w

It should be stressed that the above temperature evolu-
tion law presented here is fully independent of the entropy
function, as well as of the chemical potential x. In
particular, for radiation or ultrarelativistic particles of mass
m (m < T, p=73p), the above temperature evolution law
becomes

T a
S —— 11
T , (11)

A direct integration of this expression furnishes a7 =
apTy, or equivalently 7T(z) =Ty(1+z) (temperature
Friedmann’s prediction), where z = ap/a — 1 is the red-
shift parameter. As usual, a, and T, are, respectively, the
present day values of the scale factor and temperature of
cosmic microwave background radiation (CMBR). Let us
now discuss how this basic formalism is modified in the
presence of gravitationally induced particle production.

B. Nonequilibrium states due to particle creation

Let us now assume that particles are sprung up into the
homogeneous and isotropic expanding Universe due to the
cosmic time-varying gravitational field.

To begin with we recall that the emergence of particles
means that all the balance equilibrium equations (2)—(4)
must be modified. In other words, the divergence of the
basic equilibrium quantities like the particle and entropy
fluxes and energy-momentum tensor are now different from
zero. However, from EFE (G* = 8xzGT"), we know that
the total energy-momentum tensor (EMT) must be con-
served. As happens in the case of the classical bulk
viscosity mechanism (or more generally with all transport
processes), this problem is solved by assuming that any
nonequilibrium correction is incorporated in the complete
EMT which is identically conserved.

In the case of a scalar process here represented by a
uniform distribution of emerging particles the new con-
tribution for the EMT is formed by a dynamic nonequili-
brium pressure. However, the definition of the particle and
entropy fluxes are not modified even considering that such
quantities are not conserved.

In the presence of a gravitational particle source, the
balance equation for the particle flux becomes (note that in
the old notation of Refs. [7,9], nI' = )

N#;, =n+n® = nl, (12)
where T is the particle production rate (Dim[['] = time™").
Defining the total number of particles in the comoving
volume by N = na’, the above balance equation can be
rewritten as
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showing again that I" drives the particle creation rate in the
comoving volume. Obviously, when compared with © this
new microscopic time scale quantifies the efficiency of the
gravitational particle production. In particular, if ' < © the
creation process can safely be neglected.

The entropy flux vector is defined by

St = su¥ = nou, (14)
and by taking its divergence one finds
St = no + onl. (15)

Hence, if the creation process occurs in such a way that the
specific entropy is constant (adiabatic gravitational particle
creation), the divergence of S* reduces to (see Refs. [7,9]
for details)

S, = nol” = sT. (16)

Note also that in the homogeneous and isotropic case
considered here, 6 = S/N, where S = sa’ is the entropy in
a comoving volume. This means that the condition 6 = 0
has a direct physical meaning, namely,

S/S=N/N = §=kgN. (17)

Therefore, unlike the bulk viscosity mechanism, the
entropy growth in the gravitational particle production
process is closely related with the emergence of particles
in the space-time thereby leading to the expected enlarge-
ment of the phase space. Here we are particularly interested
in the kinetic description of this nonequilibrium process.

On the other hand, the energy-momentum tensor for a
fluid endowed with particle production must also be
corrected according to the thermodynamic second law.
In principle we may write

™ =T + ATW, (18)

where T% describes the equilibrium states [see Eq. (4)] and
ATH 1is a correction describing the effects of particle
production. Invoking the isotropy and homogeneity of
space such a correction must be represented by a scalar
process. In terms of components the possible corrections
have the following forms:

AT{=0 and AT, =-P.J, (19)

where the first condition is the constraint removing the
ambiguity on the energy density for nonequilibrium states
(p is the same function in the absence of “dissipation”), and
P. is the dynamic (creation) pressure which describes
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macroscopically the emergence of particles in the space-
time. In a manifestly covariant description we can write

ATH = —P (" — utu) = —P 1", (20)

where h* is the projector onto the rest frame of wu.
Naturally, AT* works like a source term for the equilib-
rium EMT which can be incorporated to describe the
process through a conserved EMT as required by the
Einstein field equations. Actually, the divergence of
the above correction reads

u, AT = PO, (21)

whereas the energy conservation law for the complete EMT

™ = (p+ P+ P )u'u’ — (P+ P.)g", (22)
becomes

u,T% =p+0(p+P+P)=0, (23)

so that if P, is zero (no particle production), the equilibrium
energy conservation law [the first of Egs. (5)] is recovered.

What about the form of P_.? From Eq. (16) we know that
the positivity of the entropy production is already obeyed.
On other hand, the local equilibrium principle implies that
the local Gibbs relation (6) remains valid even for processes
out of equilibrium. Differentiating it under the guise of
6 = 0 we obtain with the help of (12)

)
P _“_r-e, 24
, (24)

and inserting the above relation into (23), one gets the
adiabatic creation pressure formula (see [7] for a more
general deduction including & # 0)

Pe=~(ptP)g. (25)

An important point to keep in mind here is that the presence
of the creation pressure in this macroscopic description is
not the result of collisional processes as happens, for
instance, with the bulk viscosity mechanism.

How is the temperature evolution law modified by the
creation process? It is easy to show that the temperature
evolution for a system with matter creation reads [7,9]

T oP

() e

T ),
Therefore, if 6 =0, we may insert (25) in the above
equation, leading to

_ P.®+nl(9p/0n);
T(0p/0T),

(26)
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which reduces to the equilibrium law in the limit I' — 0
[see Eq. (10)]. Now, for ultrarelativistic particles or
radiation, the above temperature evolution law yields

T a T

—=——+4—, 28

T a * 3 (28)

which clearly departs from Friedmann’s law (T « a~') for
I'#0 [cf. Eq. (1D)].

It is widely believed that the cosmological creation of
photons in the expanding Universe is not allowed because
the blackbody form of the spectrum is destroyed [22].
However, as discussed long ago by one of the authors [23],
the blackbody form of the CMB spectrum is also preserved
when the production of photons happens under adiabatic
conditions. In other words, the particles spring up into
space-time with the same temperature of the already
existing ones as a consequence of the condition ¢ = 0.
Physically, this happens because the form of equilibrium
temperature law as a function of the thermodynamic
variables is preserved during the expansion [see the first
equality in Eq. (27) and discussion below Eq. (64)].

More recently, using a phenomenological expression for
I" [23,24], different authors have discussed some conse-
quences of the above law based on the Sunyaev-Zeldovich
effect and other cosmological observations [25].

In the nonrelativistic limit, p =nm + 3nT/2 and
P = nT. In this case the temperature law (27) assumes
the form

T a 2
7= 2 p + 3 I, (29)

which for T = 0 reduces to the standard result, 7  a~2.

The general integration of (28) and (29), as well as a brief
discussion of some specific models, will be postponed to
Sec. V with the same temperature laws from which it will
be deduced based on the kinetic approach.

At this point, we would like to stress that a consistent
kinetic treatment describing the gravitationally induced
particle production process as discussed here must recover
Egs. (12), (16), (25), (28) and (29). This is the main aim of
the next sections.

III. BOLTZMANN’S EQUATION AND
GRAVITATIONAL PARTICLE PRODUCTION

Let us now discuss the kinetic counterpart for the above
irreversible description of gravitationally induced particle
production. We will start by investigating a new possible
form for the extended Boltzmann equation when the
referred process is taken into account.

043515-4
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A. The Kkinetic noncollisional term

First we recall that the one particle distribution function
f(x*, p*) for nonequilibrium processes must be described
by an extension of the standard relativistic Boltzmann
equation [26,27]. The first attempt to incorporate gravita-
tional particle production was discussed long ago by
Triginer et al. [28]. Following these authors we started
by writing the modified Boltzmann equation in the form

Oy 0y 0f

L(f) = P 5~ Topp®p o = C(f) + Py(x*. p*),

(30)

where f(x#, p#) is the distribution function, I}, are the
Cristoffel symbols, and C(f) is the standard collisional term
which for an expanding uniform gas is responsible for the
bulk viscosity mechanism.

The new source term, P, is an unknown noncollisional
contribution of gravitational-quantum origin. It encodes the
gravitationally induced creation process associated with the
time-varying gravitational field of the cosmic expanding
Universe.

In what follows we fully neglect C(f) for two distinct
reasons: (i) its consequences have already been extensively
investigated in the literature, and, more importantly,
(i1) unlike the standard collisional contributions, the new
P, term has an unknown quantum (noncollisional) nature,
and as such, its existence requires an alternative treatment
which, in principle, is conceptually different from the
standard Boltzmann approach.

It is also worth noticing that the Boltzmann equation (30),
including collisional and gravitational production terms,
is a general one in the sense that the mass shell condition
has not been imposed. When dealing within the mass shell
[a physical constraint implying that f = f(x*, p')] the
above Boltzmann’s equation (neglecting the standard colli-
sional term) can be written as

D r

W —T'sp®p 9 (31)

where the possible contributions to Pg are also restricted to
the mass shell (the latin index take values i = 1, 2, 3).

Before we proceed further, it is useful to rewrite the
Boltzmann’s equation in terms of the physical momentum.
From now on, in order to simplify matters we assume a flat
FRW geometry

ds®> = di* — a®(t)(dx? + dy* + dz?), (32)
for which the non-null Cristoffel symbols are [22]

0 _ i _
oo =T =0,

Oj _5l
a
(l)j = ;gl_] (33)
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The physical momentum (p’) is related to the comoving
momentum (p’) by p' = ap’. The Boltzmann’s equation in
terms of physical momentum and coordinates reads

YD) _ 4, 0f | OF db' _
d P oz T api da

=P, (34

where 2" is related with the geodesic equation by

d/l

dp'  dp'  .da dp'
TR Pa—”a+w (35)

The comoving momenta obey the geodesic equation

dp'
dl

= -T"ypp’, (36)
and inserting these results into (34), we find

)
ap'p®) o P, (37)

_, Of ;
P (al ypp” — o

a#

In this case, the Boltzmann’s equation (31) assumes the
final form adopted here:

Poa—f—— p
ot a op'

.
4popi o _p (38)

How P, can be modeled? Firstly, we know that the
particles are created from the gravitational field, and, as
such, the new term must take into account gravity. In
particular, this means that the net effect must vanish
identically in the flat space-time (when the metric tensor
takes the global Minkowskian form). Secondly, we know
that the intensity of the process depends on the ratio I'/®.
Therefore, we model P, assuming only two conditions:

(i) P, F’ SO that the particle production (as de-

scnbed 1n the mass shell) is forbidden in the absence
of gravity.

(ii)) P, xI'/®, a condition naturally suggested by the

macroscopic irreversible approach [see Eqs. (12),
(15), (18) and (20)].

Hence, P, must be proportional to the product of
both quantities, and the simplest ansatz satisfying such
requirements is

s OF
op'’

r_.
Pg — —/161"’0,/5[7“[3 (39)

where A is a pure number whose specific value can be fixed
in order to reproduce exactly the adiabatic macroscopic
approach for all corrections appearing in the basic quan-
tities. A simple algebra for the particle flux shows that
A=1/2, and, as such, it will be henceforth universally
adopted.
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It is worth notice that the above form of the gravitational
production creation term has a rather different conception of
the one proposed in Ref. [28]. There a separation of PP, (H in
their notation), somewhat inspired by the standard collisional
approach, was proposed [see their equation (37)].

In what follows we will work only with the physical
momenta and for convenience overbars will be dropped.
Using the fact that f is isotropic, the extended Boltzmann’s
equation takes the final form

o (T, %

IV. ADIABATIC PARTICLE PRODUCTION:
KINETIC FORMULATION

In this section we derive the results presented in Sec. II B
based on the kinetic theory for a comoving observer. For
this end, we use the standard definitions of the macroscopic
quantities

d’p
= Ry 41
G /nww (41)
d3
w=—/umf—ﬂw—§ (42)
d*p
= ey 43
o /ﬁw = (43)

observing that due to the space isotropy the only non-
vanishing components of N* and S$* are given by

N =n= [ sép, (44)

0 =s=- [ (fnf=pa'p, (45)

while the energy momentum has a diagonal form with
energy density p = u,u, " = T%. This means that any
isotropic correction AT*” to the equilibrium states must
have AT = 0 [see discussion below Eq. (18)].

Now, with the help of the particle production
Boltzmann’s operator (40), the divergences of the thermo-
dynamic fluxes will be explicitly calculated.

A. Particle Flux

1 0 &*p 10
W= (« [ 15F) “35(“3/”3”)
_3Hn - H[1-= / o 5 (46)
- n @ pap pa
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where Eq. (40) was used in the last step. The integral of the
last term is easily computed by parts. We find

/pg—ﬁd3p—4ﬂ fp——3/fd3p——

and inserting this result into (34) we obtain the expected
result [see Eq. (12)]

(47)

Nt =nl. (48)

B. Entropy Flux

1 0 &
Sty = s <a3/(flﬂf—f)17”p—f>
10
=~ <a3/(flnf—f)d3p>, (49)
or equivalently,

St =3sH — /glnfd3p

an-alo-8) [

The last integral term above can be rewritten in a more
convenient way (after a simple integration by parts):

“Lnfddp.  (50)

/ 1nfd3p 4ﬂ/p3g—£lnfdp
3 [ (g -y, (1)

Inserting this result into (38) we obtain

Sy=-r [ (finf = ). (52)

and using again definition (44) one gets the macroscopic
form [see Eq. (16)]

St = sT. (53)

Similarly to what happens in the macroscopic description
of adiabatic particle production (in the sense that 6 = 0),
the above result also suggests that the distribution function
of our problem must have the same form of equilibrium,
that is, f(7,p) = e®)=PE Therefore, from now on such
distribution function (the solution of our problem) will be
termed the adiabatic distribution function. In Appendix A,

043515-6
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we provide an alternative deduction of the above result
using this adiabatic form.

C. Energy-Momentum Tensor

Let us now calculate the divergence of the total energy-
momentum tensor projected onto u,. It involves a rather
delicate and subtle aspect from a kinetic viewpoint since the
Einstein field equations require a divergenceless energy-
momentum tensor and we know that the creation pressure
has a noncollisional origin. In addition, like the bulk
viscosity, we are aware that the creation pressure is also
negative for an expanding Universe [see Eq. (25)].
However, we recall that unlike the energy density there
are no constraint conditions to the kinetic pressure for states
out of equilibrium [27]. In this way, we can also assume
here (like in the macroscopic approach) the existence of
a noncollisional corrective pressure term. Now, for the
sake of generality, we assume that it takes the form AT’
—P5’ or equivalently, AT** = —Ph* (P is an unknown
creatlon pressure which is not necessarily equal to the
macroscopic value). In this case we can write

19
(@T) +TT |, (54)

u, ". =u
utw “l a3 Ox

with 7% = Tig, + AT™, where Tf is given by Eq. (43).
Now, by summing over the repeated indices and using (33)

it becomes

w, ", = (@TRy) + (T, ( coll T ATY)

< /fEd3 >+3 (P + P)

_ 5 r of 4
_3H(p+P+P)+H<1 @)/Epapdp

1
PEl
1
el

QJIQ:SJIQ»

:3H(p+P+13)—3H<l—g)(p+P)

=3HP + (p + P). (55)

Therefore, we obtain a divergenceless total energy mom-
entum-tensor, as required by the Einstein gravitational
equations, only if the creation pressure P is given by

P=-(p+P) =P, (56)

©) ey

in complete agreement with the macroscopic expression
[see Eq. (25)].

An alternative simplified kinetic deduction of the
above expression can be seen in Appendix B (see also
comment [29]).
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V. TEMPERATURE EVOLUTION LAW

Let us now proceed to calculate the temperature evolu-
tion for cosmic fluids endowed with adiabatic gravitational
particle production based on our kinetic approach. In this
section we assume that the adiabatic distribution function is
given by the same equilibrium form (see previous section
and Appendix A),

f — ea(t)—/i(r)E’ (57)

where a(r) is a scalar function and f(¢) can be interpreted
as the inverse of temperature. Inserting this adiabatic form
into the Boltzmann’s equation (40) we obtain

p2

. r
a—ﬂE+ﬁH<1—®>E:O. (58)

This equation has a trivial solution given by & = f=0and
I' = © = 3H. It represents an eternal exponential de Sitter
solution since from Eq. (B4) we find p=n=0.
Physically, it means that the matter creation rate has exactly
the value that compensates for the dilution of particles due
to expansion. Such a solution was macroscopically derived
long ago by Lima et al. [24].

Now, for I" # O, the above differential equation has also
two extreme limiting solutions. The ultrarelativistic or
negligible mass limit (m <« T,ZE = p), and the nonrelativ-
istic limit m > T, E=m + f’—m). Let us now determine the
solutions for such limits.

A m<T

In this case the above equation becomes

¢_gli-(1-L)as] (59)
p ©/)apl’
which has the solution @ = 0 with the solution for f = 1/T

recovering the nonequilibrium thermodynamic result
[see Eq. (28)]

T a I, ldl) T
3 3

60
aT dt (60)

By fixing the constant at the present time, the general
solution of the above equation can be written as

T — T()( )egf l"(t’)dt/. (61)

In the simplest but interesting case, the creation rate I'
remains constant for a given cosmic time interval. This kind
of situation may happen at the early inflation phase or at
late times of the evolution. By defining A7 = 7, —t; one
finds the general solution:

043515-7
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Now, in terms of the redshift, the general solution (61)
for the CMB fluid endowed with adiabatic photon creation
is given by [see also discussions below (11) and (28)]

T = To(1 + 2)e Jo T (63)

and, as should be expected, for I' = 0, the same equilibrium
result is recovered.

It is also useful to show how the above temperature law
(60) for effectively massless particles (m < T) or radiation
determines the energy density. By eliminating I" from
Egs. (60) and (B4) we find

p_,T .
L_4- = T4, 64
,Ar T (64)

The above equation was first determined based on thermo-
dynamics, but now it has been recovered from a kinetic
approach. It means that under adiabatic conditions particles
are created but the energy density as a function of the
temperature is given by the same expression of equilibrium.
Indeed, by using this result one may show that the spectrum
of radiation is also preserved in the course of the cosmic
evolution [23].

B.m>T

In this limit, the equation becomes

) M r
q—m:p[—Hﬁ<1—>} (65)
B m |2 Vi (C)
and has the solution @ — mfi = const and
T a T
—==-2-==, 66
T <a 3> (66)

which is the same macroscopic law as given by (29).

As one may check, in terms of the redshift, the general
solution T'(z) for a nonrelativistic fluid endowed with
adiabatic particle creation reads

T = To(1 + 2)2et o T5%. (67)

As an illustration of the developed formalism we may
consider the phenomenological law I' = 38H often dis-
cussed in the literature [10,25]. In this case it is easy to see
from (53) and (57), as well as from the general solutions in
terms of the redshift parameter [see Egs. (55) and (58)], that
the temperature relations become

T=Ty(1+2)'" form=0, (68)
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while for nonrelativistic particles the result is

T = Ty(1+z)%1-P), for m>T. (69)
Naturally, when # = 0 (no production), the usual results are
recovered.

VI. CONCLUDING REMARKS

In this paper we have investigated the thermodynamic
and kinetic properties of the irreversible gravitationally
induced particle production process in the framework of
homogeneous and isotropic FRW geometries.

We showed that the macroscopic process named adia-
batic particle production has a consistent kinetic counter-
part which can also be termed adiabatic in the sense that
the entropy increases but the specific entropy remains
constant [7].

In this way, all the results obtained in the macroscopic
approach were recovered by the new kinetic treatment
proposed here. The temperature law was determined for
two important limits, namely, the ultrarelativistic (m << T)
and nonrelativistic (m > T) domains. It was shown that
the energy density of massless or ultrarelativistic particles
is also proportional to T* as demonstrated long ago based
on the macroscopic approach. In particular, this means that
the early proof showing that the CMB spectrum is not
destroyed when the cosmic creation process happens under
adiabatic conditions [23] has now been confirmed based
on the relativistic Boltzmann equation including particle
production as modeled here. In this connection, it is worth
mentioning that the gravitationally induced production of
massless particles is forbidden during the radiation phase of
FRW models described in the context of general relativity.
However, this is not true for alternative theories, as recently
discussed in the context of F(R) cosmologies [30], and, as
such, it should also be interesting to investigate the kinetic
creation process in a more general gravitational framework.

It should be stressed that the creation kinetic treatment
has been discussed here only in the case of a flat geometry.
The unified general case (k = 0, 1), including a multi-
component fluid, will be published elsewhere. In principle,
by adopting a reasonable ansatz on the creation rate I', the
extension of the Boltzmann equation proposed here can be
implemented by computational codes for physical cosmol-
ogy (like CMBFAST) in order to discuss the anisotropies of
CMB in the presence of gravitationally induced particle
production. In this connection, we notice that the kinetic
counterpart of the so-called creation cold dark matter
(CCDM) cosmology proposed earlier based on the macro-
scopic approach was presented in Appendix D.
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APPENDIX A: ON THE DIVERGENCE OF
THE ENTROPY FLUX

In Sec. IV no restrictions to the distribution function
were done to show that the divergence of the entropy flux is
Sty = sT. Now, we will show that when the adiabatic form
of the distribution function is adopted the same result is
obtained. By inserting f = er T into (42), doing the
identifications, a = % and f = %, and calculating the
divergence it follows that

0
Sf;,:—3H/(flnf—f)d3p—/8—];lnfd3p. (A1)

Hence, by noting that s = — [ (fInf — f)d®p and using
(40), we obtain
=T, (A2)

as should be expected. Note that in the last step we have
used the local form of Euler’s relation (7).

APPENDIX B: ON THE NONCOLLISIONAL
CREATION PRESSURE

Here we show the simplest manner to obtain kinetically
the creation pressure. Firstly, we multiply by E the
extended Boltzmann equation (40) and integrate it over
the momentum space to obtain

of r of 5
/Eatdp H(l @)/Epapdp—o.

Now, by integrating the above equation term by term we
find

(B1)

p+O(p+P)~T(p+P)=0, (B2)
or equivalently,
. r
p+®(p+P+PC):0©PC:—(p+P)6, (B3)

which is the energy conservation including the definition of
the creation pressure as given by (23) and (25).

It is also interesting that integrating the extended
Boltzmann equation (40) over dp and combining it with
the result (B2) one obtains
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P :EEF—G,

PR (B4)

which reproduces the macroscopic constraint given by (24).

APPENDIX C: KINETIC CCDM COSMOLOGY

As remarked in the introduction, the alternative scenario
mimicking ACDM model, usually referred to as creation
cold dark matter cosmology [12], was proposed based on
the macroscopic irreversible covariant approach discussed
in Sec. I B. Now we show that it can also be formulated
based on a kinetic theoretical framework. First we assume
that baryons are conserved and that the ratio I'/® takes
the form

r
— = a& , (C1)
3H Pdm
where «a is a constant parameter, and p,., is the present day
value of the critical density.

Now, combining the Friedman equation,

872G (pam + pp) = 3H?, (C2)

with the energy conservation law for both components one
finds

H\?2 3
<H—0> = chff(l + Z)\ +a, (C3)
where the effective nonrelativistic matter density parameter,
Qe = Qym + Q) —a=1—a, describes the clustered
matter. Now, comparing with the cosmic concordance
prediction,

(C4)

H\?2
<_> :Qm(l +Z)3 +QA’
H,

we see that the creation dimensionless parameter in (C3)
plays the role of an effective density parameter (o = Q A)
associated with the effective A term (1~\ = 3aH(2)). Like in
the standard flat ACDM model, it should be noticed that «

is the only dynamic free parameter (for more details see
Refs. [12] and [17]).

[1] L. Parker, Phys. Rev. Lett. 21, 562 (1968); Phys. Rev. 183,
1057 (1969); S. A. Fulling, L. Parker, and B. L. Hu, Phys.
Rev. D 10, 3905 (1974).

[2] N. D. Birrell and P. C. Davies, Quantum Fields in Curved
Space (Cambridge University Press, Cambridge, 1982);
A.A. Grib, S.G. Mamayev, and V.M. Mostepanenko,

043515-9


http://dx.doi.org/10.1103/PhysRevLett.21.562
http://dx.doi.org/10.1103/PhysRev.183.1057
http://dx.doi.org/10.1103/PhysRev.183.1057
http://dx.doi.org/10.1103/PhysRevD.10.3905
http://dx.doi.org/10.1103/PhysRevD.10.3905

J.A.S. LIMA AND 1. BARANOV

Vacuum Quantum Effects in Strong Fields (Friedmann
Laboratory Publishing, St. Petersburg, 1994); V.F
Mukhanov and S. Winitzki, Introduction to Quantum
Effects in Gravity (Cambridge UP, Cambridge, 2007).

[3] J. H. Traschen and R. H. Brandenberger, Phys. Rev. D 42,
2491 (1990); L. Kofman, A.D. Linde, and A.A.
Starobinsky, Phys. Rev. D 56, 3258 (1997).

[4] R. Allahverdi, R. Brandenberger, F.-Y. Cyr-Racine, and A.
Mazumdar, Annu. Rev. Nucl. Part. Sci. 60, 27 (2010).

[5] A. Berera and L. Z. Fang, Phys. Rev. Lett. 74, 1912 (1995);
A. Berera, Phys. Rev. Lett. 75, 3218 (1995); J. M. E. Maia and
J.A.S. Lima, Phys. Rev. D 60, 101301 (1999); A. Berera,
I. Moss, and R. Ramos, Rep. Prog. Phys. 72, 026901 (2009).

[6] L. Prigogine, J. Geheniau, E. Gunzig, and P. Nardone, Gen.
Relativ. Gravit. 21, 767 (1989).

[71 J.A.S. Lima, M.O. Calvao, and 1. Waga, in Frontier
Physics, Essays in Honor of Jayme Tiomno (World
Scientific, Singapore, 1990); M. O. Calvao, J. A.S. Lima,
and I. Waga, Phys. Lett. A 162, 223 (1992).

[8] Ya.B. Zeldovich, Pis’ma Zh. Eksp. Teor. Fiz. 12, 443
(1970) [JETP Lett. 12, 307 (1970)].

[9] J. A.S. Lima and A. S. M. Germano, Phys. Lett. A 170, 373
(1992); for a more general macroscopic approach see also R.
Silva, J. A. S. Lima, and M. O. Calvao, Gen. Relativ. Gravit.
34, 865 (2002).

[10] L.R. W. Abramo and J. A.S. Lima, Classical Quantum
Gravity 13, 2953 (1996); J. A.S. Lima and J. S. Alcaniz,
Astron. Astrophys. 348, 1 (1999); W. Zimdhal, D.J.
Schwarz, A.B. Balakin, and D. Pavén, Phys. Rev. D 64,
063501 (2001).

[11]1 J.A.S. Lima, F. E. Silva, and R.C. Santos, Classical
Quantum Gravity 25, 205006 (2008); G. Steigman, R. C.
Santos, and J. A. S. Lima, J. Cosmol. Astropart. Phys. 06
(2009) 033.

[12] J.A.S. Lima, J.F. Jesus, and F. A. Oliveira, J. Cosmol.
Astropart. Phys. 11 (2010) 027; J.A.S. Lima and S.
Basilakos, Phys. Rev. D 82, 023504 (2010).

[13] J.F. Jesus, F. A. Oliveira, S. Basilakos, and J. A. S. Lima,
Phys. Rev. D 84, 063511 (2011).

[14] J. A.S. Lima, S. Basilakos, and F. E. M. Costa, Phys. Rev. D
86, 103534 (2012).

[15] J.P. Mimoso and D. Pavén, Phys. Rev. D 87, 047302
(2013).

[16] N. Komatsu and S. Kimura, Phys. Rev. D 89, 123501
(2014); J.F. Jesus and S. H. Pereira, J. Cosmol. Astropart.
Phys. 07 (2014) 040.

PHYSICAL REVIEW D 90, 043515 (2014)

[17] R. O. Ramos, M. V. dos Santos, and I. Waga, Phys. Rev. D
89, 083524 (2014).

[18] J.A.S. Lima, L.L. Graef, D. Pavon, and S. Basilakos,
arXiv:1406.5538.

[19] J. Gariel and G. Le Denmat, Phys. Lett. A 200, 11 (1995);
J.A.S. Lima and J. E. Carrilo, arXiv:astro-ph/0201168; J. P.
Mimoso, A. Nunes, and D. Pavon, Phys. Rev. D 73, 023502
(20006).

[20] L. L. Graef, F. E. M. Costa, and J. A. S. Lima, Phys. Lett. B
728, 400 (2014).

[21] H.B. Callen, Thermodynamics and an Introduction to
Thermostatistics, 2nd ed. (Wiley, New York, 1985).

[22] S. Weinberg, Gravitation and Cosmology (John Wiley &
Sons, New York, 1972).

[23] J. A.S. Lima, Gen. Relativ. Gravit. 29, 805 (1997); J. A. S.
Lima, Phys. Rev. D 54, 2571 (1996).

[24] J.A.S. Lima, A.S.M. Germano, and L.R.W. Abramo,
Phys. Rev. D 53, 4287 (1996).

[25] J. A.S. Lima, S. Viegas, and A.I. Silva, Mon. Not. R.
Astron. Soc. 312, 747 (2000); G. Luzzi, M. Shimon,
L. Lamagna, Y. Rephaeli, M. De Petris, A. Conte, S. De
Gregori, and E.S. Battistelli, Astrophys. J. 705, 1122
(2009); P. Noterdaeme, P. Petitjean, R. Srianand, C. Ledoux,
and S. Lépez, Astron. Astrophys. 526, L7 (2011).

[26] J. M. Stewart, Non-equilibrium Relativistic Kinetic Theory
(Springer, New York, 1971); C. Cercignani and G.M.
Kremer, The Relativistic Boltzmann Equation: Theory
and Applications (Birkhduser Verlag, Basel, 2002).

[27] J. Bernstein, Kinetic Theory in the Expanding Universe
(Cambridge University Press, Cambridge, 1988).

[28] J. Triginer, W. Zimdahl, and D. Pavon, Classical Quantum
Gravity 13, 403 (1996).

[29] In the presence of a noncollisional external source, the
collisional kinetic EMT alone is not conserved. Observe that
we have obtained a divergenceless EMT working in the
same spirit of classical electrodynamics when only the total
energy momentum tensor including field and particles is
conserved. It is easy to show that in our approach
u, T4, = T'(p + p). Therefore, one may also prefer simply
to define an equivalent EMT identically conserved by
moving the term ['(p + P) to the rhs of the energy balance
equation. Finally, the negative contribution must be iden-
tified with P.® from macroscopic theory (see Appendix B
for a different approach).

[30] S.H. Pereira, C. H. G. Bessa, and J. A. S. Lima, Phys. Lett.
B 690, 103 (2010).

043515-10


http://dx.doi.org/10.1103/PhysRevD.42.2491
http://dx.doi.org/10.1103/PhysRevD.42.2491
http://dx.doi.org/10.1103/PhysRevD.56.3258
http://dx.doi.org/10.1146/annurev.nucl.012809.104511
http://dx.doi.org/10.1103/PhysRevLett.74.1912
http://dx.doi.org/10.1103/PhysRevLett.75.3218
http://dx.doi.org/10.1103/PhysRevD.60.101301
http://dx.doi.org/10.1088/0034-4885/72/2/026901
http://dx.doi.org/10.1007/BF00758981
http://dx.doi.org/10.1007/BF00758981
http://dx.doi.org/10.1016/0375-9601(92)90437-Q
http://dx.doi.org/10.1016/0375-9601(92)90890-X
http://dx.doi.org/10.1016/0375-9601(92)90890-X
http://dx.doi.org/10.1023/A:1016317914912
http://dx.doi.org/10.1023/A:1016317914912
http://dx.doi.org/10.1088/0264-9381/13/11/011
http://dx.doi.org/10.1088/0264-9381/13/11/011
http://dx.doi.org/10.1103/PhysRevD.64.063501
http://dx.doi.org/10.1103/PhysRevD.64.063501
http://dx.doi.org/10.1088/0264-9381/25/20/205006
http://dx.doi.org/10.1088/0264-9381/25/20/205006
http://dx.doi.org/10.1088/1475-7516/2009/06/033
http://dx.doi.org/10.1088/1475-7516/2009/06/033
http://dx.doi.org/10.1088/1475-7516/2010/11/027
http://dx.doi.org/10.1088/1475-7516/2010/11/027
http://dx.doi.org/10.1103/PhysRevD.82.023504
http://dx.doi.org/10.1103/PhysRevD.84.063511
http://dx.doi.org/10.1103/PhysRevD.86.103534
http://dx.doi.org/10.1103/PhysRevD.86.103534
http://dx.doi.org/10.1103/PhysRevD.87.047302
http://dx.doi.org/10.1103/PhysRevD.87.047302
http://dx.doi.org/10.1103/PhysRevD.89.123501
http://dx.doi.org/10.1103/PhysRevD.89.123501
http://dx.doi.org/10.1088/1475-7516/2014/07/040
http://dx.doi.org/10.1088/1475-7516/2014/07/040
http://dx.doi.org/10.1103/PhysRevD.89.083524
http://dx.doi.org/10.1103/PhysRevD.89.083524
http://arXiv.org/abs/1406.5538
http://dx.doi.org/10.1016/0375-9601(95)00123-K
http://arXiv.org/abs/astro-ph/0201168
http://dx.doi.org/10.1103/PhysRevD.73.023502
http://dx.doi.org/10.1103/PhysRevD.73.023502
http://dx.doi.org/10.1016/j.physletb.2013.12.027
http://dx.doi.org/10.1016/j.physletb.2013.12.027
http://dx.doi.org/10.1023/A:1018850330860
http://dx.doi.org/10.1103/PhysRevD.54.2571
http://dx.doi.org/10.1103/PhysRevD.53.4287
http://dx.doi.org/10.1046/j.1365-8711.2000.03172.x
http://dx.doi.org/10.1046/j.1365-8711.2000.03172.x
http://dx.doi.org/10.1088/0004-637X/705/2/1122
http://dx.doi.org/10.1088/0004-637X/705/2/1122
http://dx.doi.org/10.1051/0004-6361/201016140
http://dx.doi.org/10.1088/0264-9381/13/3/008
http://dx.doi.org/10.1088/0264-9381/13/3/008
http://dx.doi.org/10.1016/j.physletb.2010.05.027
http://dx.doi.org/10.1016/j.physletb.2010.05.027

