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Is the Cosmological Particle Production Homogeneous?
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Using a gauge-invariant formalism we find the density contrast equation in a cosmological scenario with par-
ticle production at the expenses of the gravitational field (open system cosmology). First, we find the modes for
the density contrast considering that the particle production process participate of the inhomogeneities forma-
tion, and in a second phase the creation process mimics the inclusion of the a gnteoth, in the sense that
it is not affects small deviations from homogeneity. The cosmic background has an accelerated regime, where
an additional pressure due to the creation process is responsible for the cosmic acceleration. We study in this
work if the creation process of particles in the cosmic fluid contributes to the inhomogeneities formation in an
accelerated universe.

I. INTRODUCTION We obtain the equation for the evolution of the density con-

trast and the respective modes for OSC. Two different situa-
The mathematical theory of perturbations in homogeneoudions are considered: first, we consider that the produced par-
isotropic models has been worked over many times in the itticles affect the formation of the inhomogeneities; second, the

erature [1]-[7]. Nevertheless, troubling questions still remaincreation of_pfart|cles will pe con5|dere_d. smooth, cqnsequently
o0 not participate of the inhomogeneities production. We de-

about the physical interpretation of density perturbations af 4 inthi K th h del for th .
early times when the perturbation is larger than the particlé®nd: In this work, that a coherent model for the universe must

horizon, which will here mean when the time for light to travel provide a growing mode for the density contrast. Eventhough,

a characteristic wavelength of the perturbation is larger thai{’€ lIved in an accelerated universe.

the instantaneous expansion time. These questions are partic-USiNg this criterious, we can establish if the process of the
ularly relevant to attempt to explain the origin of perturbationsCoSMIC particle creation is a homogeneous process or not.
which eventually give rise to the structure formation at large

scale.

The study of perturbations of an expanding universe would
appear to be hopelessly gauge dependent. However, J. ) ) .
Bardeen [2] gave an important contribution to define pertur- [N the presence of cosmic matter creation, the appropri-
bations that are gauge invariant quantities which were non@€ analysis is performed in the context of thermodynamics
geometrical defined with respect to a particular chart. Elli®f open systems [9], that results in a reinterpretation of the
and Bruni [3] gave an alternative approach to gauge invariangtress energy ten;or. Considering ad|gbat|c t.ransformatlons,
cosmological perturbations with basic variables more closelyh® thermodynamical energy conservation, with a source of
related to the physical quantities. They look for variablesParticles, can be written as [9]
which vanish in the background, since the quantities of this
kind are always gauge independents. The gauge invariant key d(eV) +RpdV —
variable is the comoving fractional spatial gradient of the en-

ergy density. In this study, we use an approach to cosmayheren is the particle densit = €+ Py is the enthalpy per
logical perturbations which is thermodynamically oriented, .t volume, Py, is the thermodynamical pressure anis the
gauge-invariant description of scalar cosmological perturbagnergy density. In such a transformation, the ‘heat’ received
tions around a flat homogeneous universe. All basic variablegy the system is due entirely to the change of the number of
have their meaning on ‘comoving hyper-surfaces’, orthogoparticles. In the cosmological context, the particle production
nal to the matter world lines. Thermodynamic perturbationsg que to the transfer of energy from gravitational field. Hence,
relations in Minkowski spacetime turn-out to be valid in the ihe creation of matter acts as source of internal energy.

expanding uni_verse, pr_ovidt_ad all perturbed quantities are re- \we consider the cosmic medium describe by the energy
placed by their gauge-invariant counterparts. We consider g,omentum tensor

background with a cosmic creation of particles at the expenses

of the gravitational field. The creation process redefines the TP = guuP + PHOB, (2)
energy momentum tensor and an additional pressure appear,

the pressure creation. Bulk viscosity and matter creation gerwhereh®? is the projection tensor and is the four-velocity
erate cosmological models with same physical properties , butector. TheP is the total pressure that includes the thermo-
the identity between the two process is not generically validdynamical pressure and an additional pressure related to the
Cosmic dynamics generated by each can be mimicked by thereation process [9], namely,

other one. However, the thermodynamic features are quite .

different [8]. P=R,+P. 3)

I. OPEN SYSTEM THERMODYNAMICS

Ed(nVv)
= 0, (1)
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The creation process will be considered adiabatic, which herilaking use of Gibbs relation
means that the entropy per particle is constant. Under this con-
dition, the equilibrium entropy per particle does not change as nTdo = de —
it does in dissipative process.
~ The Einstein’s field equations imply the equations of mo-and equation (14), a general relation can be written, namely
tion,

oe &+ Ph T 0P

haT¥ =0 @ ;- n nor (17)

& +np‘“ dn (16)

Equation for evolution of the temperature is calculated con-
sidering relations (12) and (17), resulting

uwTe = 0. (5) . 0e ~ OR e+R, TOR
T=(5) 1R R(P+r )+ W — =)} (18)
Additionally, according to the second law of thermodynam-
ics (S > 0), the only particle number variations admitted are The sound velocity in the cosmic fluid is defined by

such that we have particle creation, governing by R
h

and the energy balance

=—, 19
n+ne=w, (6) S 0e (19)
whereW is the source of particles afids the universe expan- ;S?r;.can be reformulated using equation (17), assuming the
sion. '
Using the thermodynamic second law and the Euler equa- T1%Pn 2
tion L bid (20)
€+PRn 0N (e+Ry) &
_ &R g 7
H=—7—"'0, (T) " Taking into account the relation
i ' .0 0
we can write the pressure creation as [10] By — % aF_:t_hT 1)
~ e+Pp)W
P= —%, (8) and equations (6), (18) and (19), evolution of the pressure
reads
where u is the chemical potential and is the entropy per . apm
particle. | R = BNErAE I ) e Ay
The zeroth order background will be governed by the line R 05 €+Pn
element P
V29 (22)
ds® = —dt? + R(t)?yapdXedx° 9) {vs %
whereyyy, is the 3 - space metric. Consequently, Einstein’s Finally, the time evolution of the particle entropy den-
field equations reduce to sity can be found using Gibbs relation and equations (6) and
) (18),namely
R
3(=)? = 8nGe, (10)
R nTo = 8“Lp”‘{sn z- WY, (23)
R
2(R) = —8nG(e+P), A1) here
where the dot denotes the time derivative. B PN 24
Using the metric (9), the energy balance equation (5) be- z= e+Pn, NO° (24)
comes

We sum up this section writing the time evolution of the parti-

. R cle density, temperature and pressure in the adiabatic case. It
&= _3§(‘°’+ P). (12) s done using (6), (18) and (22)
Taking into account the particle number density and the tem- . 3R 1 25
perature as are our basic variables we can infer the state equa- n=- Eg( -2, (25)
tions . B %
T==385T(5 ), (26)
Pth = Pth(n7T)7 (13) oT
e=¢(n,T), (14) : R
7 Ph= 3 (e +P)\2. (27)

c=0(nT). (15) R
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lll. THE PERTURBED EQUATIONS with an obvious physical meaning and obey reasonable equa-
tions.
The metric perturbations are defined by The behavior of scalars under transformation (38) are given
by
6gab = A6ab + B,ab, (28) ,
80as = Fa4, (29) S(x) —S(x) = &"Sp. (39)
8944 =E, (30)

Therefore, the scalar quantities of the preceding section trans-
where the quantities, B, F andE are space and time depen- form as

dent scalars. B
From normalization conditiory,u" = 1, the four velocity A — A+ 27,307 (40)
in first order is given by ) R
- B =B+2R %, (41)
~ E / — -
y=ut ==, (31) F=F+R %%+ (R2), (42)
A " —220
RAR + R2F 5 = Uy = Vg, (32) E =E-2R™%, (43)
/ 0
v=v-—-¢, 44
where the hat indicates a perturbed quantity. R : (44)
Perturbing to first order the equation for the conservation of A =A_ 3an°(1— 2), (45)
particle densitynu*).q = W, results . Ith
A f ®» wa RE T =T-3-n"T(5-)(1-2). (46)
Y +R2OV-0OF 4 = = — — — 2=y, R 2%
() +RPOV-OF 4 5= — - Z(C+ ). (339) 5

The energy balance and momentum balance equations {g1e basic gauge invariant variables that we shall take are de-

first order are respectively: fined by
A R ~ Y 2 f ﬁ R
€+35(+P)+(R*Ov+ 5 —OF)(e+P)=0, (34) s=--3xv1-2) (47)
5 . P
B+ Py (e+PVu—RFELTE, =0, (35)  and
To complete the set of basic equations we need of the lin- [ j —S—Rv%(l—z) (48)
earized field equations [7]: T R g ’

G=R20A— Bf + ZBDF —3RE = —§, (36) On the other hand,a gauge invariant gravitational field vari-
R R able from the point of view of the matter [6] is:

Gu = —Ag—RREq— (RR+2RRF,  (37) q=2 “At 3RV (49)
= —(e+P)vg+RPPFq.
The gauge invariant description of the system of the per-
turbed equations in the last section can be put in terms of the
IV. DENSITY CONTRAST EVOLUTION EQUATION variablesq, r ands. So, the energy density and pressure per-
turbations are gauge invariantly characterized by:

The perturbed variables, introduced in the preceding sec-
tion, change their values under the change of correspondence
between the perturbed world and unperturbed background.
The change of the correspondence is formally expressed in L R .
terms of a coordinate transformation in the perturbed world, Pe=PRn— 3§V(S+ P)VZ. (51)
which is called a gauge transformation . In the linear perturba-
tion theory it is necessary only to consider infinitesimal gaugeJsing equation (47), equation (50) assumes the form
transformation

e+P), (50)

€ = (E4+Pn)s+Ta, 52
o a8) o= (e+PRn) (52)
W. Zimdahl shows in his work [5] how to describe cos- where
mological perturbations thermodynamically oriented by suit- o  oPy

able quantities which are invariant under transformations (38), a= ﬁr - aiTS (53)
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Introducing the gauge invariant variables, the particle numA manipulation of equation (59) results

ber balance (33) may be written as

. . 3R & k2
$ +(1—2)0+ oy —CS 5 54
=29+ SVee TRy~ 3RRY (54)
R2 y R. R 0
+ 9@2(1—z)v(1+ é)—3§vz+3§zs_ '

wherey =1+ %. To find the last result it is necessary to use

the perturbed field equations (36), (37), the field equation
R. 3

(R) =—5HM1-2),

(55)

and assumes the spatial dependeelté with constant co-

moving wavectok for all first-order quantities.

S +{—g{H(l—z)(2v§—y)}+3Hz+(§ (62)
b8 A HA- D@2y} +3(H2)
b3 - SHEE-YHA- 2+ g+ 2

k2 K .
- @v';‘}s— F2V2=0.

The equation (62) furnish the dynamics of the adiabatic per-
turbations in a universe with particle production , where the
particles are formed at the expenses of the gravitational field.
For a universe with null pressure small sound velocity in the
cosmic medium and the absence of the creation process, equa-

With auxilious of equation (54) we can change the form oftion (62) becomes the usual density contrast equation for the
the energy and pressure balance equations,given by, respetandard model [4]:

tively
TR3 5 Yg 5
M+@+9:_3H2Rh 2= 3HP (56)
e+PRn 3RR n e+PRn €+PRj
and
S —vz+3HzZ(1-2v(1+V2) + P (57)
S S €+ Pth
0P
R - a
—q(1-2)+T2L =
* SRQ( )+ % €+Bn

Substituting equation (56) into (54) we obtain

- 201 Y 2y 3HP
§ —3HsV +9H%z(1 2V(5 V2) TR (58)
0Rnh 3 2 0
3HT 5 3 & K4 §
_ a2l 4 = — —— +3Hzs= —.
e+ P g;+2st+Pth RR DT T
Using egs. (54) and (53), results
. 1-z 4 Y. k%q
—3H Po—18) - (1-2)—=
S 3 s+Pth(° o) ~(1-2pg (59
T
+ 3Hzs= ——(R%a),

RS

where the evolution equation faris put in terms of the

gauge invariant variables, only.

&+ 2H$— 4nGes = 0. (63)

V. IS THE PARTICLE PRODUCTION HOMOGENEOUS?

The particle production in the universe is a global homo-
geneous process or hot? We want to give a answer for this
guestion considering the large scale structure formation and
the recent results of the observation of the supernovas of the
type IA, that indicates an accelerated universe.

Taking into account that the structures existing in the
universe are formed from small perturbations in the past,
more specifically scalar perturbations, a coherent cosmolog-
ical model, with this assumption, must produce a growing
mode for the density contrast. Apart from this, the mode must
grows even in an accelerated scenario for the universe.

In order to measure the effects of particle production in the
expansion of the universe, Lima et al. [8], introduce the di-
mensionless parametg= %iH

Combining egs. (8), (9) and (10), we can write the field
equation

RR+A(R)? =0, (64)
whereA = %y(l— B) — 1. Integrating (64), the scale factor
resulting is

(65)

We focus our attention on the adiabatic case, that is equiwhere the subscrifi alludes to the present time.

alent to considea = 0 [5]. So, equation (59) assumes the

form
s aH1-202- Vs (1-259 Lanzs—0. (60)
s 2 3RR ’
where the variablsis rewritten as
& (61)

S= .
€+ PR

The deceleration parameteay,= —%, for the universe
expanding conform the scale factor (5.2) is given dpy=
-1+ %y(l— B). Consequently, a dust universe will be ac-
celerated fo > 3.

Substituting the scale factor (65) in eq. (62), considering
Vs << 1 and using long wavelength limit approximation , we
obtain

§4+C184+Cos=0, (66)
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where
~ 2(3B+2)
“=5a-pr ©D
and
_ 2 A _
Co= 2 3v(l3—1)2t2{3[3 1+48 v (68)
Integrating the eq. (66) we obtain the modes
1B
S (t)=Cyt WD (69)
. (t) = Cot T2, (70)

1095

that the created particles contributes to the inhomogeneities
formation in the universe.

On the other hand, if we consider that the cosmic particle
production do not participate of the inhomogeneities forma-
tion, the particle production mimics, in this sense, the inclu-
sion of a smootth\ term. Consequently, with null contribu-
tion to the inhomogeneities birth. In this scenario, where the
source of particles is not perturbed, the equation for the den-
sity contrast is given by

" _ 0%s
S+ 2HS— AnGes(14+ 3Y)(1+Y)S=Vearg—7y -

Taking into account the long wavelength limit approximation
and the scale factor (65), the integration of eq. (71) furnishes

(71)

where the usual modes of the standard model are obtained

forp=0.
In accord with the second law of thermodynamig} ¢ 0),

only particle production process is possible. Consequently,
B > 0. On the other hand, fop > 1 the dominant energy
condition is broken. So, in principle, the validity range for
B parameter i < B < 1, and% < B < 1 assuming that the

universe expansion is accelerated.

3B+1+A

Salt) = t s (72)
3p+1-A

(73)

S(t) = t 66
whereA = /9B2 + 25+ 6.

The modes, is a decaying mode and the maglds a grow-
ing mode, for0 < 3 < 1. For 3 = 0 the usual solutions for

Although the decreasing mode can be important in som&1€ growing and decaying modes of the standard model are
circumstances, we shall hereafter mainly deal only with the?btained.
increasing mode. It is responsible for the formation of cosmic In conclusion, we have an growing mode for the density
structure in the gravitational stability picture. Taking into ac-contrast in an accelerated phase for the universe described by
count the decreasing mode, the universe would not have bedfe OSC model, if the creation process is homogeneous.
homogeneous in the past. Besides, for a growing mode that Another possibility, is to admit that the era when the small
starts to grow just after the end of radiation era, Peebles arguetgviations from the homogeneity occurs, the expansion of the
that the contribution of decaying solution must be negligibleuniverse is not accelerated.

[18].
The equation (69) is an increasing mode ffor —1, but,

Naturally, if the conclusions are dependent of the source
of the particles considered, this is a question for a future

considering the validity range f@; the mode (69) is a decay- investigation.

ing mode. Otherwise, the mode (70) is a growing mode for

B< % Resuming, we not have a growing mode for the den-Acknowledgements
sity contrast in a acceptable range for the creation parameter

B

To obtain equation (62), we perturb the source of particle
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