PHYSICAL REVIEW D, VOLUME 63, 087301

Inflation and nonequilibrium thermodynamics for the fluctuations in the infrared sector
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In the framework of inflationary cosmology | study some aspects of nonequilibrium thermodynamics for the
matter field fluctuations. The thermodynamic analysis is developed for de Sitter and power-law expansions of
the universe. In both cases, | find that the heat capacity is negative leading respectively, to exponential and
superexponential growth for the number of states in the infrared sector for de Sitter and power-law expansions
of the universe. The spectrum for the matter field fluctuations can be understood from the background effective
temperature at the horizon entry.
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Since inflation stretches microscopic scales into astro¢IR) sector. Some thermodynamical researchs were devel-
nomical ones, it suggests that the density perturbations whichped recently in the framework of the density topology of
provide the seeds for galaxy formation might have originatedhe spacetime foaif#] and the quantum structure of Schwar-
as microscopic quantum fluctuatiofts 2). schild black holeg5]. During inflation this sector varies the

A promising approach towards a better understanding ohumber of degrees of freedom. This is an unstable sector
these phenomena is the paradigm of stochastic inflation. Th&hich describes the universe on a scale much larger than the
most widely accepted approach assumes that the inflationagpservable universe. A natural consequence of this approach
phase is driven by a quantum scalar fieldvith a potential  is the self-reproduction of universes and the return to a glo-
V(¢). Within this perspective, stochastic inflation proposesPal stationary picture. For inflation the simplest assumption
to describe the dynamics of this quantum field on the basis df that there are two scales: a long-time, long-scale associated
a splitting of ¢ into homogeneous and inhomogeneous comWith the vacuum energy dynamics, and the short-time, short-
ponents. Usually the homogeneous component is interpretedistance scale associated with a random force component.
as a classical field that arises from a coarse-grained averag&e Hubble time M, separates the two regimes.
over a volume larger than the horizon volume, and plays the The dynamics of a scalar field minimally coupled to a
role of a global order parametéB]. All information on  classical gravitational one is described by the Lagrangian
scales smaller than this volume, such as the density fluctua- R 1
tions, is contained in the inhomogeneous component. During = J—gl — + Zgmv
inflation vacuum fluctuations on scales less than the Hubble Llee,) =9 16 29" euest Vi) ()
radius are magnified into classical perturbations in the scalar
fields on scales larger than the Hubble radius. The primordia}f':
perturbations arise solely from the zero-point fluctuations o . ; . .
the quantized fields. Although the region which ultimately. The equation that describes the fluctuations during the
expanded to become the observed universe may have Cow_flanonary phase i§6,7]
tained excitations above the vacuum, these excitations would 1
not have any significant effect on the present state of the d— —2V2¢+ 3Hep+V"(pe) =0, 2
universe because a sufficiently large amount of the inflation a
would have redshifted these excitations to immeasurabl
long wavelengths. The zero-point fluctuations, on the othe X ~
hand, have arbitrarily small wavelengths, indeed they ar@roache(x,t) = ¢.(t) + ¢(x,t) was taken into account to de-

most significant at very small length scales. The zero-poinkcripe the quantum fluctuationgs(x,t), with (0|¢|0)
fluctuations are imperceptible because of their short wave= 4 (t) and (0|$|0)=0. Here, |0) denotes the vacuum

lengths, but the process of inflation can stretch these Waves i EurthermoreH () =ala is the Hubble parameter
. vl c/

lengths to macroscopic and eventually to astronomical dIémdais the scale factor of the universe. During inflation, the

mensions. Hence, the densit erturbations should be . B . . -
y P universe is accelerateat>0 and the inflation ends whem

responsible for the large scale structure formation in the uni* i ; ; ,
verse. ~0. Equatlon(Z) de_scrlbes the matter field fluctuatiofug
In this paper | am interested in the study of the termody-{C Nonlinear terms inp), on a globally homogeneous and
namical properties of matter field fluctuations in the infrarediSOtropic background spacetime described by a Friedmann-
Robertson-Walker metric

hereR is the scalar curvaturg”” are the components of
e metric tensofwith w,v»=0,1,2,3).

hereV"(¢.)=3°V(¢)/d¢? 4. Here, the semiclassical ap-

) ) ds?’=—dt?+a?(t)dx. ©)
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y—a [k3(t)—k2]x=0 (4) in Eq. (8) remains real. The functiop(w,) gives the density
0 ’ of states with frequencw, on the infrared sector
where
() 1 |d%| K2 |dk ©
9 3. plog=——=|7—|===|3 |
k§(t)=a’| 7 HE+5H =V [c(t)] (5) (2m)?|dod 272 dwx

is the time-dependent wave number that separates the infré\g—g(;’\reId k/dwy| is the Jacobian of the transformation, so

red and the ultraviolet sectors, which describe the two rel-
evants scales during inflation. Sinkg(t)>0, during infla-

_ . : K2+ 22222
tion new and new modes enters in the infrared sector such dw"| = kot a”wil , (10)
that in this sector the frequeney, holds dk ’ a%|wy

wi(t)=—a [k3(t)—k?]<O0. (6)  where|w|=[ 0w} 1*?2 and the asterisk denotes the complex

_ ) ) _ conjugate. The density of states with frequengyis given
As in previous work$7,8] one can write the redefined matter

field fluctuations in the infrared sector by means of a Fourier
expansion which selects the long wavelengths mogges

‘ 1
=k xg (1) (for k<ko) plon=—lkta (Dl Fuda®n). (1D

Xcgz%f d®k 6(eko—K)[awx+alxk].  (7)  The thermodynamics for systems with exponentially growth
(2m) of density of states was first considered by Hagedorn in the

) ] ) ) framework of the hadron mass spectrum in bootstrap models
Thus, the coarse-grained fiejd, describes the matter field [12 13 Energy added to a system can go either into increas-
fluctuations on the infrared sector. Hekex1 is @ dimen-  jng the energy of existing states or into creating new states.
sionless parameter amg ,a, are the creation and destruction |n the case of the matter field fluctuations in the infrared
operators with the algebrda; ,al,]:[ak,ak,]zo and  sector new states are created from the ultraviolet sector.
[ag.al,]=8(k—k’). The quantum to classical transition of ~ The “temperature” and the heat capacity are given by
the matter field fluctuations in the infrared sector is well

known([7,9-11. The fieldy.4 can be considered as classical :‘ ain[p] 12
when the time dependent modes of this sector holds the con- dog |, _ '
dition [Im[ & (t) /R & (t) ][ir<1. °

The problem of the increasing number of degrees of free- 5 1
dom for the matter field fluctuations in the infrared sector in e _ g2l Pnle] 13
the context of thermodynamics is not well studied. To make v awﬁ (13

a thermodynamic description for the fluctuations in the infra- k=eko

red sector we can introduce the partition functios) - . .
The condition that the density of states rises superexponen-

ko d3k tially is precisely that the second derivative in EG3) be
Z(B)= f e fodd positive, andC,, thus be negative. Systems with negative
o (2m) heat capacities are thermodynamically unstable. They are
0 placed in contact with a heat bath and will experience run-
= f *doyp(wy)e Pk, (8) away heating or cooling. If the density of states grows expo-
@k=0 nentially, an inflow of energy at the Hagedorn temperature

1 . ,, goes entirely into producing new states, leaving the tempera-
wheref "~ plays the role of the background "temperature” .o constant. If the density of states grows superexponen-

and oy is the relevant frequency given by E@). Further- i3y the process is similar, but the production of new states

more, | denote thze squar?;j frzequenzcy with the cut off wavgs g copious that an inflow of energy actually drives the
number ek, by we,=—a [ko(1—€%)]. Here, € is a di-

temperature down. To simplify the notation, in the following
mensionless parameter given kiky<1. In the framework | will denote W ek, BSw. For inflationary models one obtains
of stochastic inflation the background is well represented by, the infrared sector

the ultraviolet sector, wher@?2>0. In the semiclassical

limit the frequencyw) plays the role of the energy for each — 1022+ 204
mode with wave numbet. We are interested in the infrared Cy= T 5 , (14)
sector. In this sector the wave numbers are very small with o (pt+ o)

respect tok, (k<<kg), and the frequency, is imaginary
pure (w= *i|wy|). As we will see later, the parametgris ~ where u?=k3/a. Furthermore, the inverse of the effective
also imaginary pure and thus the argument of the exponentigdémperature is
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wi (15 BTl T (21)
. =t =+ —.
|w|(u?+ »?) Ke?\1— € K €
In the case we are studying, the “thermal bath” is described~urthermore, the heat capacity is obtained from @&&)
by the ultraviolet sector, but it is not trully thermalized. In
the framework of supercooled inflatiog; ! it is not a true —(2+2e*—3eH)t? s
temperature. Thus, it is imaginary pure. Furthermore, the pa- Cy= K 1-e)? =—2(BB*)". (22
rameterB describes the environment of the infrared sector,
another motivation for the paramet@rto be imaginary pure. inflation. As was demonstrated in a previous wéTk, in a
Furthermore, the heat capacity gives information aboupower-law expansion for the universe the inflaton potential
the evolution of the infrared sector, which is an unstablesyppresses the dispersion of the quantum fluctuations in a
sector. IfCy>0, the system distributes its energy in the hower-law expansion for the universe. This result coincides
existent states. The inverse situation describes a systeffith the quantum field prediction and could be responsible
which increments very rapidly the number of states. for the very rapidly decreasing of the heat capa€lty.
Thermodynamics for a de Sitter expansiés a first ex- General commentsf (88*) Y2 is the zero mode tem-
ample | will consider a scale factar- el whereH isthe  perature(or background temperatyrethe squared infrared
Hubble parameter. For a de Sitter expansion this parameter fgatter field fluctuations when the horizon entry will be
constant. In a de Sitter expansigf=v?H2, where?=?2
- m2/H§. The density of states is given by 5 €8 5
<¢cg>le 6772(ﬁ,8*)3/2[§k20(t)] |t=t*a (23)
wheret, is the time when the horizon entry adg_(t) is

) ) . the solution for the zero mode equation of motidp
From Eq.(12) one obtains the inverse of the effective tem- —(€%18B*)é,=0, so that the amplitude for primordial

B=

1
p(wo:Flwkl[vzHéwﬁ]ﬂze”oﬁ (16)
a

perature for a de Sitter expansion power density perturbations should be a function of the back-
1 i ground temperature. In other words;%cg(t*) =|6,/% is the
B=TFi 5 = 5 (17) power spectrum for the matter field fluctuations, such that
vHoeV1—e€ vHoe (¢>§g)|R=fgk°(d k/K)P,,,, hence the density perturbations

which is imaginary pure and does not depends on time. Fui¢an be written ags,|=A(t,) k" (n=3/2), which agree
thermore, the heat capacity [isee Eq(13)] with the best-fit slope of Cosmic Background Explorer

(COBE) data:n=1.2+0.3. A best approximation could be
— (24264 —3€?) obtained from the exact solution for the equation for the
=—2(Bp*)>. (18 modes:é +[Kk%/a2— eX(BB*)]&=0.
To summarize, note that in the cases developed here—de
Note that the heat capacity is negative but constant. ThiSt€r and power-law expanding universes—the heat capacity

means that, as we put energy into the infrared sector i negative. This is because the density of states in the infra-

greater and greater proportion of it is employed in the expo:red sector grows exponentially or superexponentially during

nential production of new states rather than in increasing th@ﬂat'on' Hence, th_e mcrﬁasw;]g r_a':CIe of sftates n t_he rl]ljfrared
energy of already existing states. sector is more copious than the inflow of energy in this sec-

Thermodynamics for a power-law expansidtow we tor. Rather an incr.easing energy den;ity, an increasing of
consider the case where the scale factor evolvas-as. In  |Cvl (for Cy<0), gives a superproduction of the number of
this case the Hubble parameterHs=p/t and the effective degrees of freedom in the infrared sector. The interesting fact

d ter b is that in the both cases here studied one obtaif{s38*)
squared mass parameter becois =€? andCy=—2(BB*)2. The main difference founded in

YT (EH(1- )2

2t) =122 p2— 15 5+ 27. 19 the examples herg studied is that the heat capaci.ty in the
w1 [3p™=Zpt2] (19 power-law expansion model decreases very rapidly. Of
The density of statep(w) is course, the mechanism for this suppression must be under-

stood from the thermodynamic analogy due to systems with
|y imaginary temperatures and those with negative heat capaci-
p(wy)= —Z[Kzt*2+ wZ]t%P, (200 ties occur in different contextgt,14—-14, but their thermo-

2m dynamic behavior has a common physical basis. The imagi-

nary nature of3 can be a consequence of the quantum nature
whereK = \/2p?2—£p+2. Inflation holds wherK >0, i.e.,  of the matter field fluctuations in the infrared’s environment
for p>3.04. Hence, the inverse of the effective temperaturdi.e., of the ultraviolet sector The temporal dependence for
of the infrared sector ifsee Eq.(12)] B andCy, in the power-law expansion is due to the interac-
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tion of the inflation field, which manifests itself in the equa- background temperaturg83*) ~ 2 down asymptotically to
tion of motion (4) for the quantum fluctuations through the zero, meanwhile in a de Sitter expansion the inflow of energy
time-dependent mass parameje(t)=ko,/a~t~ 1. This ef- go entirely into producing new states, leaving the back-
fect generates—for a power-law expanding universe—a suground temperature constant.

perexponential increasing for the number of degrees of free- Finally, super Hubble matter field fluctuations with nega-
dom (i.e., the number of statem the infrared sector, rather tive heat capacity during inflation describes exponential or
a exponential increasing of states founded in a de Sitter exsuperexponential growth of the number of states, which is a
panding universe due 6 andCy, remain constant. So, in a characteristic of nonequilibrium thermodynamical systems.
power-law expanding universe the production of new state# shows that a more dynamical approach to the statistical
is so copious that an inflow of energy actually drives themechanics of inflation might be necessary.
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