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Thermodynamics of decaying vacuum cosmologies
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The thermodynamic behavior of decaying vacuum cosmologies is investigated within a manifestly covariant
formulation. Such a process corresponds to a continuous, irreversible energy flow from the vacuum component
to the created matter constituents. It is shown that if the specific entropy per particle remains constant during
the process, the equilibrium relations are preserved. In particular, if the vacuum decays into photons, the
energy density and average number density of photonscale with the temperature as T* andn~T3. The
temperature law is determined and a generalized Planckian-type form of the spectrum, which is preserved in
the course of the evolution, is also proposed. Some consequences of these results for decaying vacuum
FRW-type cosmologies as well as for models with “adiabatic” photon creation are discussed.
[S0556-282(196)00316-3

PACS numbegps): 98.80.Hw, 95.30.Tg

I. INTRODUCTION In what follows, although the results presented here may
be interesting for the first class of models, we are more in-
The cosmological applications of vacuum decay haveerested in the macroscopic approach for continuous vacuum
been extensively investigated in the literature, mainly in con-decay(variableA) models. To the best of our knowledge, the
nection with inflationary universe scenaridds-4]. More re-  temperature evolution for the created matter at the expense
cently, motivated by the so-called “cosmological constantof the vacuum component has not been computed from first
problem” as well as by the “age problem” of the standard principles. In particular, for the case of radiation, the lack of
Friedmann-Robertson-WalkéFRW) model (for reviews of  a well-defined temperature law as well as the related spec-
such problems see Ref&-7]), many authors have also pro- trum implies that the constraints coming from the measure-
posed phenomenological models with a slowly decayingnents of the cosmic microwave background radiation
vacuum energy densify8—20. Roughly speaking, the basic (CMBR) cannot be studied without additional hypotheses.
difference between these two kinds of models comes fronAs we know, the isotropy of the CMBR and the Planckian
the fact that, in the former, the vacuum decays completely ifiorm of its spectrum may be a crucial test for this kind of
a very short period in the very early Univergghase transi- cosmologies. For instance, when the distortions of the Planck
tion), whereas in the latter, it decays continuouSlpwly) in spectrum are discussed in the model proposed by Freese
the course of the cosmic evolution. In the second class ot al.[11], it is explicitly assumed that the vacuum does not
models, the attempts to invent a mechanism rendering théecay into photons fully equilibrated to a Planck spectrum
cosmological constant almost exactly or exactly vanishingsince in this case there are no distortions at all. On the other
are replaced by the opposite and somewhat more natural idémnd, in their nucleosynthesis analysis, the created photons
that the vacuum energy density is a dynamic variable. It isare supposed to be quickland continuouslythermalized,
assumed that the effective term behaves like a fluid inter- with the total radiation energy density always satisfying the
acting with the other matter fields of the Univerges in a  equilibrium relationp,~T# during the radiation phase. In-
multifluid mode). As a consequence, the vacuum energydeed, they had to make this assumption in order to be able to
density is not constant since the energy-momentum tensor afetermine how the radiation number density, the tempera-
the mixture must be conserved in the course of the exparture, and other physical quantities change with tif2&].
sion. In suchA-variable models, the slow decay of the This kind of assumption was further extensively adopted
vacuum energy density may also provide the source term fosee, for instance, Refg13,15,21).
matter and radiation, thereby suggesting a natural solution In this article, we focus our attention on the thermody-
for the aforementioned puzzles. First, the explanation acramic aspects of decaying vacuum models. As we shall see,
counting for the present smallness of the effective cosmoif the vacuum is regarded as a second fluid component trans-
logical constant may be deceptively simple: the cosmologicaferring energy continuously to the material component, the
constant is very small today because the Universe is too oldecond law of thermodynamics constrains the whole process
[9]. Second, although small in comparison with the usuain such a way that the temperature law may be easily deter-
microphysics scales, the “remnant” cosmological constantmined. In particular, we will establish under which condi-
may provide a good fit to the age of the Univefd®,18  tions the equilibrium relations are preserved. These con-
(see also Ref[16] for other kinematical tests straints lead us to introduce the idea of an “adiabatic”
vacuum decay which, due to its simplicity, seems to be the
most relevant process from a physical point of view. The
*Electronic address: limajas@het.brown.edu related spectral distribution is derived and some conse-
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guences of this approach to FRW decaying vacuum models s* =0, (7)
are also discussed. ’
as required by the second law of thermodynamics. Some
Il. THERMODYNAMICS AND VACUUM DECAY words are necessary to clarify the meaning of the above con-
dition. In principle, one might argue that the second law
Let us consider a self-gravitating fluid satisfying the Ein- should be applied for the system as a whole, that is, includ-
stein field equation$EFE'’s) with a variableA term: ing the vacuum component. However, assuming that the
GaB— T4 A qeh 1 chemical potential of the vacuum fluid is identically zero, it
XTm T AQT, @ follows from the vacuum equation of state thgt=0 and so
also its entropy current is zefsee Eq(10) below]. In other
words, the vacuum plays the role of a condensate carrying no
entropy, as happens in the two-fluid description usually em-
ployed in superfluid dynamid7].
Before discussing the temperature evolution law, we need

where y=87G and the A term is the vacuum energy-
momentum tenso(EMT), corresponding to an energy den-
sity p,=A/87G and pressur@,= —p, (in our unitsc=1).

T 2P is the EMT of the material component which is defined

by to obtain an expression relatiny and . As usual for non-
T%ﬁZ(p—l— p)ueuf—pgh, ) equilibrium processes, such an expres_sion must be defined in
such a way that the entropy source is non-negative. To do
wherep is the fluid energy density arul is the pressure. that, we first remark that the equilibrium variables are related

Since we are assuming a continuous energy transfer frofly Gibbs’ law:
the vacuum to the material component, the effective cosmo- 4
logical constant is a ti_me-dependent paramet_er. I_n this way, nTdo=dp— pTP dn, (8)
the energy conservation IaV\u((T“B;BZO), which is con- n

tained in the EFE’s, assumes the form . . .
where T is the temperature. Hence, taking the time-

comoving derivative of the above expression and using Egs.

p+(p+p)o=— Pyres (3)  (3) and(5), it is readily obtained that
where the overdot denotes covariant derivative along the S® - =no+ :_L_ﬂp 9
. . . . , o 0-110 8 GT T L ( )
world lines(for instancep: =u“p. ) and #=u’, is the scalar ™

of expansion. For a FRW geometry, for instanpeis the

. ; Nl ) whereu denotes the chemical potential of the created matter,
time-comoving derivative and=3H, whereH is the Hubble K b

which is defined by the usual Euler's relation:

parameter.
As we know, in order to have a complete fluid descrip- p+p
tion, besides its EMT, it is necessary to define the particle n= T—TG- (10
currentN“ and the entropy currerg®® in terms of the fluid
variables. The currei® is given by It should be noted that whei=0, we expect a vanishing

time variation of A and so also of the entropy production.
We recall that the vacuum decaying is the unique source of
irreversibility (particle creatiop considered in the present
dfpatment. Such a condition can be expressed by the phenom-
gnological ansatz

N*=nu¢, (4)

wheren is the particle number density of the fluid compo-
nent. Since material constituents are continuously generat
by the decaying vacuum, the above four-vector satisfies
balance equatiofl’,= ¢ or, equivalently, A

h+no=y, (5) gnc PV 11

wherey is the particle sourcéy>0) or sink(<0) term. For ~ Whereg s a positive-definite parameter in order to guarantee
decaying vacuum modelg is positive, and must be related that for >0, we shall have\ <0. With this choice, Eq(9)

in a very definite way with the variation rate af Since the Can be rewritten as

EMT of both components are isotropic, without loss of gen-

erality, we may define the entropy current in the form below SYi= no+ o= $ (B—p). (12)

S*=nou?, (6)

Hence, the entropy production rate will be non-negative in
whereo is the specific entropgper particlg. If the A termis  accordance with Eq(7) only when the phenomenological
constant, the above entropy current is conserved. This is epefficient 8 satisfies eithepg=u if >0, or B<pu if <0.
consequence of the fact that in our approach we are neglechs first remarked by Salim and Wada8], in the case of
ing the usual dissipative processes arising in relativistipphotons(x=0), we see from Eqs(7) and (9) that only a
simple fluids as well as a possible irreversible matter creatiowosmological constant decreasing with time is thermody-
process at the expense of the gravitational figlde Refs. namically allowed. As a self-consistency check, we notice
[23-26)). Accordingly, the existence of a nonequilibrium de- that the same result is derived from our phenomenological
cay process means that ansatz(11), together with Eq.(12) and the second law of
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thermodynamics. Keeping these considerations in mind, werecise, suppose that the second term on RHS of H).is
discuss next the temperature law for a continuously decayingbsent and that the fluid satisfies the usugll&w” equation
vacuum. of state

IIl. TEMPERATURE-EVOLUTION LAW p=(y=1p, (17

The time dependence of the temperature may be easmgyhere the “adiabatic index lies in the intervaI[O 2] In
established from Eqg<3), (5), and(8), by adoptingT andn th|ls case, a straightforward |ntegrat|on of Efj6) furnishes
as basic thermodynamic variables. Insertiid,n) into Eq. "T=const, and, fory#1,

(3) and using Eq(5), it follows that n=constx T~ (18
fluid. However, the number density of particles no longer

ap\ - ap
" satisfies the usual conservation Igsee Eq(5)]. It thus fol-
Now, sincedo is an exact differential, Gibbs’ lay8) yields lows that the equilibrium relations will be preserved only if

(‘9 ) (p_ i (13) which has the same form foi(T) as perfect adiabatic simple

the well-known thermodynamic identity the second term on the RHS of E@6) is identically zero. In
this case, using Eq14) we see that the phenomenological
ap (9p parameter3 assumes a remarkably simple form
T+ —p p—n (14
aT an
ptp
= (19

and inserting Eq(14) into Eqg.(13), we obtain

The next step is to show that the value®fleduced above
— . (15 also guarantees the equilibrium relation for the energy den-
 T(dpldT), © 8wGT(dpldT), sity. In fact, by combining Eq93), (11), (17), and(19), we
readily obtain

T

T (&p) (9plan)y
ap

The first term on the right-hand sidRHS) of Eq. (15) is the
usual equilibrium contribution. In this case, we see that for . U

an expanding fluidg>0 leads toT<O0 as it should be. The prypo=yp . (20)
remaining terms display the out of equilibrium contributions

due to the particle creation rageand its sourcé\, which are  Therefore, comparing Eq20) with Eq. (5), it follows that
related by Eq(11). Note that Eq(15) is a pure consequence ] ]

of the relativistic nonequilibrium first order thermodynamics, p_ N 21)
e.g., the EFE’s do not play any special role in its derivation. p Yo

In addition, since many different processes may take place

simultaneously, other contributions, such as bulk viscositythe solution of which isp=const<n?, or, using Eq(18),
gravitational matter creation, heat flow, diffusion, and all 1)

possible cross effects, should be taken into account. In any p=nT" (22
case, the method applied here may be easily extended
including the corresponding terms into the basic thermody-
namic quantities. In what follows, | will discuss in detail an
interesting particular case, which, due to its simplicity and
possible physical applicatiorisee Sec. Y, deserves a spe-
cial attention.

\A¥here 7 is a y-dependent integration constant. The above
expression is the equilibrium energy density-temperature re-
lation for ay fluid. In particular, for a photon fluidy=4/3),

one obtains from Eq$18) and(22), respectivelyn~T2 and
p~T4, just the well-known relations valid for blackbody ra-
diation. Therefore, the condition expressed by B@) pre-
serves the usual equilibrium relations and so it should have a
IV. "ADIABATIC” CASE rather simple physical interpretation.

Let us first discuss under which conditions the equilib- " Order to clarify the physical meaning of relati¢h9)

rium relations for the particle number and energy density ar?e return to the entropy production expression given by Eq.

preserved in the presence of a decaying vacuum. Inserting2)- Inserting the value oB given above into Eq(12), it is
the value of@ obtained from Eq(5) and the value of\ as asy to see that the variation rate of the specific entropy may

given by the phenomenological lafll) into Eq. (15), it ~ P€ written as
follows that

, +
. ] o= i u—,u—Ta'), (23
T (op| n 1 T ap .\ ap sly nti n
—=|—| ——=———|T|=| +n —ng| . _
T \dp] n NT(dp/dT)y | | dT ] an and from Euler’s relatior{10) we see thatr=0. Therefore,

(16)  the equilibrium relations are preserved only if the specific

entropy per particle of the created particles is constant. In

The first term on the RHS of the above equation still re-other words, when the specific entropy remains constant, or
sembles a typical equilibrium term; however, there are als@quivalently,8 is given by Eq.(19), no finite-thermalization

out of equilibrium contributions encoded in it. To be more time is required since the particles originated from the de-
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caying vacuum are created in equilibrium with the already
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In the homogeneous casessS/N, whereS andN are the

existing ones. Naturally, the process as a whole is out ofotal entropy and number of particles, and since we are con-

equilibrium. In fact, sincer=s/n, the conditiono=0 leads,

with the help of Eq(5), to a balance equation for the entropy

density[see also the discussion below EQ9)]

Sy

s+s6= o (24

sidering the “adiabatic” case, it follows that

(30

mnlwn:
zZl z:

which for =0 reduces to the usual “continuity” equation Hence, the burst of entropy is closely related with the created

for an adiabatic flow.

V. “ADIABATIC” DECAYING VACUUM
AND FRW-TYPE COSMOLOGIES

Let us now consider the FRW line element

2

1—kr?

ds?=dt>—R(t) +r2d6?+r2 sirf(9)d¢? |,

(29

where R is the scale factor ané#=0,*+1 is the curvature
parameter.

In such a background the Einstein field equati(lEBE’s)
for the nonvacuum component plus a cosmologitaierm
are

RZ  k
8mGp+A=307+3 07, (26)
87Gp—A= 2h R’k 2
TGePp—A=— R R R (27)

where p and p, as usual, are assumed to obey taw
equation of staté¢l7).

matter due to the decaying vacuum.

It is worth mentioning that, in comparison with the stan-
dard model, the macroscopic formulation discussed here has
only one additional free parameter, namely, the variation rate
of the A term, or equivalently from Eq(11), the particle
creation ratgp. In fact, in the “adiabatic” case, the phenom-
enological B8 parameter is completely determined by condi-
tion (19). In principle, eitherA or ¢ must be computed from
a more fundamental model for the decaying vacuum. Of
course, at the level of a definite equation of motion, this is
equivalent to assuming priori a functional expression for
A(t) itself, as has been usually done in the literat(see
Refs. [10-20). Note also that any “adiabatic” decaying
vacuum FRW-type cosmology has its temperature law deter-
mined by Eq.(29). However, howT scales withR depends,
naturally, on the specific decay rate &f since it will deter-
mine from Egs(11) and(5) the specifidN(R) function. Such
a function will also define through Eq30) the amount of
entropy produced. In this way, both the cooling rate and
entropy generation in decaying vacuum cosmologies are
highly model-dependent functions, as should be expected.

Another interesting question is closely related to the spec-
trum of the CMBR. As we know, in the standard model, both
the equilibrium relations and the Planckian form of the spec-
trum are preserved in the course of the expansion. The latter
result follows naturally from the fact that~R™* (kinemati-
cal condition for FRW geometjyand T~R™1. Our results

As we have seen, in the “adiabatic” case, the temperaturéhOW that when “adiabatic” photon creation takes place, the
T satisfies Eq(18) and the energy density is given by Eq. €quilibrium relations are preserved, whilenecessarily fol-
(22) regardless of the microscopic details of the vacuum delows a more general temperature law given by &9). In
cay. In addition, for a FRW geometry, the comoving volumethis case, one may be tempted to conclude that all models

scales a® ~R® and, up to a constant factdd=nR3. Thus,

with photon creation fail the crucial test provided by the

using Eq.(18) we may write the temperature evolution law Present isotropy and spectral distribution of the CM&Re,

NI TR~ D =const. (29

As expected, iN is conservedno vacuum decaythe usual

for instance, Steigmah29] and reference quoted thergin
However, such a conclusion is not so neat as it appears at
first sight. For instance, suppose that in the “adiabatic” case,
the spectrum assumes the fof@ derivation is outlined in

equilibrium law is recovered. It should be noticed that thethe appendix

above temperature law has a rather general character. It can
be applied regardless of the specific creation mechanism op- N(t)| %2 8h 3
erating in the FRW geometry. As a matter of fact, it depends pr( v)=( ) 773 v 73

only on the validity of the “adiabaticity” condition(19), No c N(t) |\ hv|

thereby implying that the equilibrium relatiof18) is pre- ex No | kT -1

served. For instance, the above law is the same as the one

deduced in Ref[25] for an “adiabatic” particle creation at

the expense of the gravitational field. In particular for photonwhereN(t) is the comoving time-dependent number of pho-
creation(y=4/3), Eq. (28) reduces to tons andN, is the constant value dl evaluated at some
fixed epoch, say, the present time. When there is no creation,
N(t)=Ny, and the usual Planckian form is recovered. Since
the frequency scales as-R™?, as a consequence of the tem-
instead of the usual R=const of the standard FRW model. perature law(29), the exponential factor in E¢31) is clearly

(31)

N~Y3TR=const, (29
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preserved in the course of the expansion. In addition, it islance with this prediction, it is too early to interpret such
readily seen that the equilibrium relations are recovered usneasurements as a new successful test of the standard model.
ing such a spectrum. In fact, from E@1) it follows that As remarked by Mayef33], it is very difficult to pin down
n~p® and by introducing a new variable the amount of local excitation in the observed clouds using
x=(N/N0)1/3(hvlkT), it is easy to see that independent observations. In this way, this result must
strictly be considered as an upper bound for the temperature
[ _ of the Universe in the above-mentioned redshift. In principle,
p(T)= fo pr(v)dv=aT, (32 improved observational techniques as well as some reason-
able estimates of the possible sources of excitations, may

wherea is the usual radiation density constant. In this way,lead to a smaller value of the temperature, in conflict with
the spectrum given by E431) seems to be the most natural the standard prediction. In this case, as happens with the
generalization of Planck’s radiation formula in the presencecosmological constant and age problems, a decaying vacuum
of “adiabatic” photon production. Since it cannot, on ex- cosmology may become an interesting possibility to fit the
perimental grounds, be distinguished from the usual blackdata. In the future, temperature-redshift measurements of
body spectrum with no matter creation, models with “adia-sufficient accuracy may constrain the free parameters of any
batic” photon creation may be compatible with the presentspecific decaying\ model, or more generally, any kind of
isotropy and spectral distribution of the microwave back-cosmology endowed with “adiabatic” creation of photons.
ground. This conclusion is extremely general and may bélote also that Eq(34) gives us a simple qualitative expla-
applied even for Dirac-type cosmologigghe case for nation of why models with decaying vacuum may solve the
G-variable cosmologies will be discussed in detail else-cosmological age problem which plagues the class of FRW
wherg. It is worth mentioning that E¢(31) is quite different ~models. In fact, since for a given redshifthe Universe is
from the form originally proposed by Canuto and Narlikar cooler than the standard model, more time is required to
[30] to circumvent the criticism of Steigmdi29] (see also attain a fixed temperature scale in the early Universe. Some
the paper of Narlikar and Rarf&1]). The main difference quantitative examples are given in Reff$3-17.

comes from the fact that the temperature evolution (2@ As is well known, there is no derivation specifying either
has now been incorporated into the exponential factor of th@ow fast the vacuum decays or how it couples with matter
above spectrum. Although the usual Planckian spectrum ca@nd/or radiation. As discussed earlier, this is equivalent to
not be distinguished at present from E@1), this does not determining the functiol(t). In the present case, regardless
mean that the same happens for high redshifts. For instancef the form of such a function, it seems that the radiation
one may check that the wavelength for which p;(\) as- must be produced through an induced decay mechanism, be-

sumes its maximum value now satisfies the displacement lagause the energy is always injected “adiabatically,” that is,
fully equilibrated with the generalized Planck spectrum.

N(t)|¥® Such a possibility was noted but not discussed by Freese
7\mT=0-284N—) cmK, (33  etal. [11]. On the other hand, if one assumes that the
0 vacuum couples only with the radiation, this means that

which reduces to the usual Wien's law fbr=N,. Hence, baryons(and antibaryonsare not prodl_Jced in the course of
since in the past\(t) <N,, for a given redshift, the typical the evolution. Thereforg, such as in thg _st_andard FRW
energy of photons whose spectral distribution is given by Eqmodel, the number. density of the npsnrelat|V|st|c component
(31), will be smaller than that described by the usual PlanckiS conserved, that is), scales withR ™, and from Eq.(34)
ian spectrum. More precisely, since the scale factor as ¥€ may write
function of the redshift is given bR=R,(1+2z) !, we see

from Eq. (29) that N(t)
q ( ) O'rb:(fro_N y (35)
0
B N(t) 1/3
T=To(1+2) No | (34) whereo,,=4aT?>/3n, is the radiation-specific entropper

baryon and o, its present value. The above expression
where T, is the present-day value df. This relation has means that the photon-baryon ratio increases as the Universe
some interesting physical consequences. First, we obsereéxpands, however, at a rate which is strongly model depen-
that universes with “adiabatic” photon creation are, for anydent. Since the functio(t) has not been determined from
value ofz>0, cooler than the standard model. Such a prefirst principles, the constraint from nucleosynthesis code can-
diction may be experimentally verified, for instance, observnot be seen as a definitive answer, at least while we do not
ing atomic or molecular transitions in absorbing clouds atknow how to select the best phenomenological description
high redshifts. In this way, it provides a crucial test for mod-for the decaying vacuum. In this way, it is not surprising that
els endowed with “adiabatic” photon production, which is models based on different decay rates and/or initial condi-
accessible with the present day technology. In this connedions, lead to somewhat opposite conclusions about such
tion, Songailaet al. [32] recently reported the detection of constraintscompare, for instance, Refidl1, 14).
the first fine structure of neutral carbon atoms inzkel.776

absorption-line system. Assuming that no other significant VI. CONCLUSION
sources of excitation are present, the relative population of '
the level yielded a temperature &7.4-0.8 K while using The thermodynamic behavior of variable models has

the standard relation it should be 7.58 K. Although, in accorbeen investigated in the framework of a first-order relativistic



2576 J. A. S. LIMA 54

theory for irreversible processes. The main results derivederived. As we have seen, in this case the temperature law is

here may be summarized in the following statements: given by[see our Eq(29)]
(1) Decaying vacuum models with photon creation may
be compatible with the constraints of the cosmic background N~ Y3TR= const. (A1)

radiation only when the creation occurs under “adiabatic”

conditions, e.g., when the equilibrium relations are pre- ] ]

served. This is equivalent to, say, that the entropy per photofince the wavelength scales withR, the above equation

remains constant during the creation process Sec. IV, means _that if one compresses or expands a hollow cavity
(2) If the vacuum decays “adiabatically” in particles containing blackbody radiation in such a way that photons

obeying the equatiorp=(y—1)p, the temperature law is are “adiabatically” introduced in it, we may write for each

given by N*~"T3v?~1=const, whereN(t) is the instanta- Wave component

neous number of particles and the comoving volume. In

the case of radiatiofty=4/3), it reduces tdN~1T3V=const, N3\ T=const. (A2)

and for a FRW geometryy~R3, we haveN ™ Y*TR=const

[see Eq(29)]. . . o din.
(3)The usual Planckian spectrum has been generalized %’)he above quantity plays the role of a generalized “adia

include “adiabatic” photon creatiofisee Eq.(31) and the afic™ invariant in the sense qf Ehrenfe[§4]. Wher_1N IS
. . ) ) ._ constant, the usual adiabatic invariant for expanding black-
appendiy. Such a form is uniquely determined by the radia- L
tion temperature law. In this way, when the “adiabatic” con body radiation is recovered.
o P Lo Y ; Let T, be the temperature in the instantt,, and focus
dition has been implemented, it can be applied regardless of

the specific creation mechanism operating in the spacetimg.ur attention on the banfiy, centered on the wavelengily

For instance, it holds for models endowed with “adiabatic” Whose energy density jsr, (A1)AA;. In @ subsequent time

creation at the expense of the gravitational field as discusséd tz» When the temperaturg, changed toT,, due to an

in Refs. [23-26. The new spectrum is preserved in the “adiabatic” expansion, Fhe energy of the band changed to

course of the evolution and is clearly consistent with thePT,(A2)AX, and according to Eq(A2), AN, and A\, are

present isotropy of the CMBR. Instead of the matter creatiorielated by

process, the observed slight anisotrdpych as in the stan-

dard mode)] must be ass_ociated with the us_ual physical pro- AN, [N(tp)\¥3T,

cesses taking place during the matter-dominated phase. K:( ) T
(4) The measurement of the Universe temperature at high 1 2

redshifts is a crucial test for models endowed with “adia-

batic” creation, in particular, for decaying vacuum cosmolo-As shown earlier in Sec. IV, the thermodynamic equilibrium

gies. For a given redshift, the temperature is smaller than relations are preserved and since distinct bands do not inter-

N(ty) "3

that one predicted by the standard moldsle Eq.(34)]. act, it follows that
Finally, we remark that the results presented here may be
generalized by allowing additional contributions for the pr.(A)AN,  [T.\4
EMT (different creation mechanismsHowever, if the 2—:<_2) (A4)
“adiabatic” condition is imposed, neither the temperature pr,(A)AN; Ty

law nor the form of the spectrum will be modified. Specific

models will be studied in a forthcoming communication. By combining the above result with E¢A3) and using again

Eqg. (A2), we obtain for an arbitrary component
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APPENDIX: “ADIABATIC” BLACKBODY SPECTRUM

. . .. N 4/3
In this appendix, a formula for blackbody radiation when o V)_( ) 3 ’ (A7)

the photon creation process takes place “adiabatically,” is No

=N
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where ¢ is proportional tog*. The above equation is a gen-
eralized form of the well-known Wien's lay85]. In order to

recover the usual Planckian distribution, the arbitrary func-

tion must be

8mh

e

with Eg. (A7) taking the form assumed in E(1): namely,

1

N(t))
No

173 hy
KT
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4/3 87h V3

cd %(N(t))mhv}
ex —|—

Ng kT
Note that no reference has been made to the specific source
of photons. The above-sketched derivation depends only on
the temperature law as given by H#2), or equivalently,
that creation occurs preserving the equilibrium relations
(“adiabatic” creation).

o) g

PT(V):( N

[1] A. H. Guth, Phys. Rev. [23, 347(1981).

[2] A. D. Linde, Phys. Lett108B, 389(1982.

[3] A. Albrecht and P. J. Steinhardt, Phys. Rev. Léi8 220
(1982.

[4] S. W. Hawking and I. Moss, Phys. Left10B, 35 (1982.

[5] A. Zee, inHigh Energy PhysigsProceedings of the 20th An-
nual Orbis Scientiae, edited by B. Kursunoglu, S. L. Mintz,
and A. PerlmuttefPlenum, New York, 1986

[6] S. Weinberg, Rev. Mod. Phy§1, 1 (1989.

[7] S. M. Carroll, W. H. Press, and E. L. Turner, Annu. Rev.
Astron. Astrophys30, 499(1992; 393 3 (1992.

[8] L. M. Krauss and M. S. Turner, Gen. Relativ. Gra@¥, 1137
(1995.

[9] P. J. E. Peebles, Astrophys.2B4, 439 (1984).

[10] M. Ozer and M. O. Taha, Phys. Lett. B1, 363(1986; Nucl.
Phys.B287, 776 (1987.

[11] K. Freese, F. C. Adams, J. A. Frieman, and E. Mottola, Nucl.

Phys.B287, 797 (1987.

[12] W. Chen and Y. S. Wu, Phys. Rev. 41, 695(1990.

[13] A.-M. M. Abdel-Rahman, Phys. Rev. B5, 3497(1992.

[14] A.-M. M. Abdel-Rahman, Gen. Relativ. Gravit27, 573
(1995.

[15] T. Nishioka and Y. Fuijii, Phys. Rev. B5, 2140(1992.

[16] J. C. Carvalho, J. A. S. Lima, and |. Waga, Phys. Revi@)
2404(1992.

[17] I. Waga, Astrophys. J14, 436(1993.

[18] D. Pavon, Phys. Rev. @3, 375(1991); J. M. Salim and 1.
Waga, Class. Quantum Gral0, 1767 (1993.

[19] J. A. S. Lima and J. M. F. Maia, Phys. Rev4B, 5597(1994);
J. A. S. Lima and M. Troddenibid. 53, 4280(1996.

[20] J. Lopez and D. V. Nanopoulos, Mod. Phys. Lett.1A, 1
(1996.

[21] J. Matygasek, Phys. Rev. B, 4154(1995.

[22] In order to maintain the Planckian distribution, Freesel.
[11] also assumed explicitly that the frequency of photons red-
shifts, asv~R™ 7% wherex=p,/(p+ p,). This assumption
is in direct contradiction with the well-established kinematical
result,»~R 1, for FRW-type geometries. In particular, for de-
caying vacuum cosmologies, this means that the usual Planck
form is inevitably destroyed. A new spectrum taking into ac-
count photon creation and preserving its form in the course of
the evolution is discussed in Sec. V.

[23] I. Prigogine, J. Geheniau, E. Gunzig, and P. Nardone, Gen.
Relativ. Gravit.21, 767 (1989.

[24] J. A. S. Lima, M. O. Calva, and |. Waga, irfFrontier Physics,
Essays in Honor of Jayme Tiomr®Vorld Scientific, Sin-
gapore, 1991

[25] M. O. Calva, J. A. S. Lima, and |. Waga, Phys. Lett. 162,
223(1992.

[26] J. A. S. Lima and A. S. M. Germano, Phys. Lett.1X0, 373
(1992.

[27] L. D. Landau and E. M. LifshitzFluid MechanicgPergamon,
New York, 1986.

[28] J. A. S. Lima, A. S. M. Germano, and L. R. Abramo, Phys.
Rev. D53, 4287(1996.

[29] G. Steigman, Astrophys. 221, 407 (1978.

[30] V. Canuto and J. V. Narlikar, Astrophys. 236, 6 (1980.

[31] J. V. Narlikar and N. C. Rana, Phys. Lett. 7, 219 (1980.

[32] A. Songailaet al, Nature(London 371, 43 (1994).

[33] D. M. Mayer, Nature(London 371, 13 (1994.

[34] P. Ehrenfest, Philos. Ma@3, 500 (1917).

[35] M. Planck,The Theory of Heat RadiatiofDover, New York,
1991).



