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Thermodynamics of decaying vacuum cosmologies

J. A. S. Lima*
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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 densityr and average number density of photonsn scale with the temperature asr;T4 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.
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I. INTRODUCTION

The cosmological applications of vacuum decay ha
been extensively investigated in the literature, mainly in co
nection with inflationary universe scenarios@1–4#. More re-
cently, motivated by the so-called ‘‘cosmological consta
problem’’ as well as by the ‘‘age problem’’ of the standa
Friedmann-Robertson-Walker~FRW! model ~for reviews of
such problems see Refs.@5–7#!, many authors have also pro
posed phenomenological models with a slowly decay
vacuum energy density@8–20#. Roughly speaking, the basi
difference between these two kinds of models comes fr
the fact that, in the former, the vacuum decays completely
a very short period in the very early Universe~phase transi-
tion!, whereas in the latter, it decays continuously~slowly! in
the course of the cosmic evolution. In the second class
models, the attempts to invent a mechanism rendering
cosmological constant almost exactly or exactly vanish
are replaced by the opposite and somewhat more natural
that the vacuum energy density is a dynamic variable. I
assumed that the effectiveL term behaves like a fluid inter
acting with the other matter fields of the Universe~as in a
multifluid model!. As a consequence, the vacuum ener
density is not constant since the energy-momentum tenso
the mixture must be conserved in the course of the exp
sion. In suchL-variable models, the slow decay of th
vacuum energy density may also provide the source term
matter and radiation, thereby suggesting a natural solu
for the aforementioned puzzles. First, the explanation
counting for the present smallness of the effective cosm
logical constant may be deceptively simple: the cosmolog
constant is very small today because the Universe is too
@9#. Second, although small in comparison with the us
microphysics scales, the ‘‘remnant’’ cosmological consta
may provide a good fit to the age of the Universe@15,18#
~see also Ref.@16# for other kinematical tests!.
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In what follows, although the results presented here ma
be interesting for the first class of models, we are more i
terested in the macroscopic approach for continuous vacuu
decay~variableL! models. To the best of our knowledge, the
temperature evolution for the created matter at the expen
of the vacuum component has not been computed from fi
principles. In particular, for the case of radiation, the lack o
a well-defined temperature law as well as the related spe
trum implies that the constraints coming from the measur
ments of the cosmic microwave background radiatio
~CMBR! cannot be studied without additional hypothese
As we know, the isotropy of the CMBR and the Planckia
form of its spectrum may be a crucial test for this kind o
cosmologies. For instance, when the distortions of the Plan
spectrum are discussed in the model proposed by Free
et al. @11#, it is explicitly assumed that the vacuum does no
decay into photons fully equilibrated to a Planck spectrum
since in this case there are no distortions at all. On the oth
hand, in their nucleosynthesis analysis, the created photo
are supposed to be quickly~and continuously! thermalized,
with the total radiation energy density always satisfying th
equilibrium relationr r;T4 during the radiation phase. In-
deed, they had to make this assumption in order to be able
determine how the radiation number density, the temper
ture, and other physical quantities change with time@22#.
This kind of assumption was further extensively adopte
~see, for instance, Refs.@13,15,21#!.

In this article, we focus our attention on the thermody
namic aspects of decaying vacuum models. As we shall s
if the vacuum is regarded as a second fluid component tran
ferring energy continuously to the material component, th
second law of thermodynamics constrains the whole proce
in such a way that the temperature law may be easily dete
mined. In particular, we will establish under which condi
tions the equilibrium relations are preserved. These co
straints lead us to introduce the idea of an ‘‘adiabatic
vacuum decay which, due to its simplicity, seems to be th
most relevant process from a physical point of view. Th
related spectral distribution is derived and some cons
2571 © 1996 The American Physical Society
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2572 54J. A. S. LIMA
quences of this approach to FRW decaying vacuum mod
are also discussed.

II. THERMODYNAMICS AND VACUUM DECAY

Let us consider a self-gravitating fluid satisfying the Ein
stein field equations~EFE’s! with a variableL term:

Gab5xTm
ab1Lgab, ~1!

where x58pG and theL term is the vacuum energy-
momentum tensor~EMT!, corresponding to an energy den
sity rv5L/8pG and pressurepv52rv ~in our unitsc51!.
Tm

ab is the EMT of the material component which is define
by

Tm
ab5~r1p!uaub2pgab, ~2!

wherer is the fluid energy density andp is the pressure.
Since we are assuming a continuous energy transfer fr

the vacuum to the material component, the effective cosm
logical constant is a time-dependent parameter. In this w
the energy conservation law (uaT

ab
;b50), which is con-

tained in the EFE’s, assumes the form

ṙ1~r1p!u52
L̇

8pG
, ~3!

where the overdot denotes covariant derivative along
world lines~for instance,ṙ:5uar ;a! andu5u;a

a is the scalar
of expansion. For a FRW geometry, for instance,ṙ is the
time-comoving derivative andu53H, whereH is the Hubble
parameter.

As we know, in order to have a complete fluid descri
tion, besides its EMT, it is necessary to define the partic
currentNa and the entropy currentSa in terms of the fluid
variables. The currentNa is given by

Na5nua, ~4!

wheren is the particle number density of the fluid compo
nent. Since material constituents are continuously genera
by the decaying vacuum, the above four-vector satisfie
balance equationN;a

a 5c or, equivalently,

ṅ1nu5c, ~5!

wherec is the particle source~c.0! or sink~c,0! term. For
decaying vacuum modelsc is positive, and must be related
in a very definite way with the variation rate ofL. Since the
EMT of both components are isotropic, without loss of ge
erality, we may define the entropy current in the form belo

Sa5nsua, ~6!

wheres is the specific entropy~per particle!. If theL term is
constant, the above entropy current is conserved. This i
consequence of the fact that in our approach we are negl
ing the usual dissipative processes arising in relativis
simple fluids as well as a possible irreversible matter creat
process at the expense of the gravitational field~see Refs.
@23–26#!. Accordingly, the existence of a nonequilibrium de
cay process means that
els
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S;a
a >0, ~7!

as required by the second law of thermodynamics. Som
words are necessary to clarify the meaning of the above co
dition. In principle, one might argue that the second law
should be applied for the system as a whole, that is, includ
ing the vacuum component. However, assuming that th
chemical potential of the vacuum fluid is identically zero, it
follows from the vacuum equation of state thatsv50 and so
also its entropy current is zero@see Eq.~10! below#. In other
words, the vacuum plays the role of a condensate carrying n
entropy, as happens in the two-fluid description usually em
ployed in superfluid dynamics@27#.

Before discussing the temperature evolution law, we nee
to obtain an expression relatingL̇ andc. As usual for non-
equilibrium processes, such an expression must be defined
such a way that the entropy source is non-negative. To d
that, we first remark that the equilibrium variables are relate
by Gibbs’ law:

nTds5dr2
r1p

n
dn, ~8!

where T is the temperature. Hence, taking the time-
comoving derivative of the above expression and using Eq
~3! and ~5!, it is readily obtained that

S;a
a :5nṡ1sc52

L̇

8pGT
2

mc

T
, ~9!

wherem denotes the chemical potential of the created matte
which is defined by the usual Euler’s relation:

m5
r1p

n
2Ts. ~10!

It should be noted that whenc50, we expect a vanishing
time variation ofL and so also of the entropy production.
We recall that the vacuum decaying is the unique source o
irreversibility ~particle creation! considered in the present
treatment. Such a condition can be expressed by the pheno
enological ansatz

L̇

8pG
52bc, ~11!

whereb is a positive-definite parameter in order to guarante
that forc.0, we shall haveL̇,0. With this choice, Eq.~9!
can be rewritten as

S;a
a :5nṡ1sc5

c

T
~b2m!. ~12!

Hence, the entropy production rate will be non-negative in
accordance with Eq.~7! only when the phenomenological
coefficientb satisfies eitherb>m if c.0, or b<m if c,0.
As first remarked by Salim and Waga@18#, in the case of
photons~m50!, we see from Eqs.~7! and ~9! that only a
cosmological constant decreasing with time is thermody
namically allowed. As a self-consistency check, we notice
that the same result is derived from our phenomenologica
ansatz~11!, together with Eq.~12! and the second law of
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thermodynamics. Keeping these considerations in mind,
discuss next the temperature law for a continuously decay
vacuum.

III. TEMPERATURE-EVOLUTION LAW

The time dependence of the temperature may be ea
established from Eqs.~3!, ~5!, and~8!, by adoptingT andn
as basic thermodynamic variables. Insertingr(T,n) into Eq.
~3! and using Eq.~5!, it follows that

S ]r

]TD
n

Ṫ5FnS ]r

]nD
T

2r2pGu2S ]r

]nD
T

c2
L̇

8pG
. ~13!

Now, sinceds is an exact differential, Gibbs’ law~8! yields
the well-known thermodynamic identity

TS ]p

]TD
n

5r1p2nS ]r

]nD
T

, ~14!

and inserting Eq.~14! into Eq. ~13!, we obtain

Ṫ

T
52S ]p

]r D
n

u2
~]r/]n!T
T~]r/]T!n

c2
L̇

8pGT~]r/]T!n
. ~15!

The first term on the right-hand side~RHS! of Eq. ~15! is the
usual equilibrium contribution. In this case, we see that
an expanding fluid,u.0 leads toṪ,0 as it should be. The
remaining terms display the out of equilibrium contributio
due to the particle creation ratec and its sourceL̇, which are
related by Eq.~11!. Note that Eq.~15! is a pure consequenc
of the relativistic nonequilibrium first order thermodynamic
e.g., the EFE’s do not play any special role in its derivatio
In addition, since many different processes may take pl
simultaneously, other contributions, such as bulk viscos
gravitational matter creation, heat flow, diffusion, and
possible cross effects, should be taken into account. In
case, the method applied here may be easily extended
including the corresponding terms into the basic thermo
namic quantities. In what follows, I will discuss in detail a
interesting particular case, which, due to its simplicity a
possible physical applications~see Sec. V!, deserves a spe
cial attention.

IV. ‘‘ADIABATIC’’ CASE

Let us first discuss under which conditions the equil
rium relations for the particle number and energy density
preserved in the presence of a decaying vacuum. Inser
the value ofu obtained from Eq.~5! and the value ofL as
given by the phenomenological law~11! into Eq. ~15!, it
follows that

Ṫ

T
5S ]p

]r D
n

ṅ

n
2

1

nT~]r/]T!n
FTS ]p

]TD
n

1nS ]r

]nD
T

2nbGc.

~16!

The first term on the RHS of the above equation still r
sembles a typical equilibrium term; however, there are a
out of equilibrium contributions encoded in it. To be mo
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precise, suppose that the second term on RHS of Eq.~16! is
absent and that the fluid satisfies the usual ‘‘g-law’’ equation
of state

p5~g21!r, ~17!

where the ‘‘adiabatic index’’g lies in the interval@0,2#. In
this case, a straightforward integration of Eq.~16! furnishes
n(12g)T5const, and, forgÞ1,

n5const3T1/~g21!, ~18!

which has the same form forn(T) as perfect adiabatic simple
fluid. However, the number density of particles no longer
satisfies the usual conservation law@see Eq.~5!#. It thus fol-
lows that the equilibrium relations will be preserved only if
the second term on the RHS of Eq.~16! is identically zero. In
this case, using Eq.~14! we see that the phenomenological
parameterb assumes a remarkably simple form

b5
r1p

n
. ~19!

The next step is to show that the value ofb deduced above
also guarantees the equilibrium relation for the energy den
sity. In fact, by combining Eqs.~3!, ~11!, ~17!, and~19!, we
readily obtain

ṙ1gru5gr
c

n
. ~20!

Therefore, comparing Eq.~20! with Eq. ~5!, it follows that

ṙ

r
5g

ṅ

n
, ~21!

the solution of which isr5const3ng, or, using Eq.~18!,

r5hTg/~g21!, ~22!

whereh is a g-dependent integration constant. The above
expression is the equilibrium energy density-temperature re
lation for ag fluid. In particular, for a photon fluid~g54/3!,
one obtains from Eqs.~18! and~22!, respectively,n;T3 and
r;T4, just the well-known relations valid for blackbody ra-
diation. Therefore, the condition expressed by Eq.~19! pre-
serves the usual equilibrium relations and so it should have
rather simple physical interpretation.

In order to clarify the physical meaning of relation~19!
we return to the entropy production expression given by Eq
~12!. Inserting the value ofb given above into Eq.~12!, it is
easy to see that the variation rate of the specific entropy ma
be written as

ṡ5
c

nT S r1p

n
2m2Ts D , ~23!

and from Euler’s relation~10! we see thatṡ50. Therefore,
the equilibrium relations are preserved only if the specific
entropy per particle of the created particles is constant. In
other words, when the specific entropy remains constant, o
equivalently,b is given by Eq.~19!, no finite-thermalization
time is required since the particles originated from the de
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2574 54J. A. S. LIMA
caying vacuum are created in equilibrium with the alrea
existing ones. Naturally, the process as a whole is ou
equilibrium. In fact, sinces5s/n, the conditionṡ50 leads,
with the help of Eq.~5!, to a balance equation for the entrop
density@see also the discussion below Eq.~29!#

ṡ1su5
sc

n
, ~24!

which for c50 reduces to the usual ‘‘continuity’’ equatio
for an adiabatic flow.

V. ‘‘ADIABATIC’’ DECAYING VACUUM
AND FRW-TYPE COSMOLOGIES

Let us now consider the FRW line element

ds25dt22R2~ t !S dr2

12kr2
1r 2du21r 2 sin2~u!df2D ,

~25!

whereR is the scale factor andk50,61 is the curvature
parameter.

In such a background the Einstein field equations~EFE’s!
for the nonvacuum component plus a cosmologicalL term
are

8pGr1L53
Ṙ2

R2 13
k

R2 , ~26!

8pGp2L522
R̈

R
2
Ṙ2

R22
k

R2 , ~27!

where r and p, as usual, are assumed to obey theg-law
equation of state~17!.

As we have seen, in the ‘‘adiabatic’’ case, the temperat
T satisfies Eq.~18! and the energy density is given by E
~22! regardless of the microscopic details of the vacuum
cay. In addition, for a FRW geometry, the comoving volum
scales asV;R3 and, up to a constant factor,N5nR3. Thus,
using Eq.~18! we may write the temperature evolution law

N12gTR3~g21!5const. ~28!

As expected, ifN is conserved~no vacuum decay!, the usual
equilibrium law is recovered. It should be noticed that t
above temperature law has a rather general character. I
be applied regardless of the specific creation mechanism
erating in the FRW geometry. As a matter of fact, it depen
only on the validity of the ‘‘adiabaticity’’ condition~19!,
thereby implying that the equilibrium relation~18! is pre-
served. For instance, the above law is the same as the
deduced in Ref.@25# for an ‘‘adiabatic’’ particle creation a
the expense of the gravitational field. In particular for phot
creation~g54/3!, Eq. ~28! reduces to

N21/3TR5const, ~29!

instead of the usualTR5const of the standard FRW mode
dy
of

y

n

ure
.
de-
e

he
can
op-
ds

one

on

l.

In the homogeneous case,s5S/N, whereS andN are the
total entropy and number of particles, and since we are con
sidering the ‘‘adiabatic’’ case, it follows that

Ṡ

S
5
Ṅ

N
. ~30!

Hence, the burst of entropy is closely related with the create
matter due to the decaying vacuum.

It is worth mentioning that, in comparison with the stan-
dard model, the macroscopic formulation discussed here h
only one additional free parameter, namely, the variation rat
of the L term, or equivalently from Eq.~11!, the particle
creation ratec. In fact, in the ‘‘adiabatic’’ case, the phenom-
enologicalb parameter is completely determined by condi-
tion ~19!. In principle, eitherL̇ or c must be computed from
a more fundamental model for the decaying vacuum. O
course, at the level of a definite equation of motion, this is
equivalent to assuminga priori a functional expression for
L(t) itself, as has been usually done in the literature~see
Refs. @10–20#!. Note also that any ‘‘adiabatic’’ decaying
vacuum FRW-type cosmology has its temperature law dete
mined by Eq.~29!. However, howT scales withR depends,
naturally, on the specific decay rate ofL, since it will deter-
mine from Eqs.~11! and~5! the specificN(R) function. Such
a function will also define through Eq.~30! the amount of
entropy produced. In this way, both the cooling rate and
entropy generation in decaying vacuum cosmologies ar
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 latt
result follows naturally from the fact thatn;R21 ~kinemati-
cal condition for FRW geometry! andT;R21. Our results
show that when ‘‘adiabatic’’ photon creation takes place, the
equilibrium relations are preserved, whileT necessarily fol-
lows a more general temperature law given by Eq.~29!. In
this case, one may be tempted to conclude that all mode
with photon creation fail the crucial test provided by the
present isotropy and spectral distribution of the CMBR~see,
for instance, Steigman@29# and reference quoted therein!.
However, such a conclusion is not so neat as it appears
first sight. For instance, suppose that in the ‘‘adiabatic’’ case
the spectrum assumes the form~a derivation is outlined in
the appendix!

rT~n!5SN~ t !

N0
D 4/3 8ph

c3
n3

expF SN~ t !

N0
D 1/3 hn

kTG21

, ~31!

whereN(t) is the comoving time-dependent number of pho-
tons andN0 is the constant value ofN evaluated at some
fixed epoch, say, the present time. When there is no creatio
N(t)5N0 , and the usual Planckian form is recovered. Sinc
the frequency scales asn;R21, as a consequence of the tem-
perature law~29!, the exponential factor in Eq.~31! is clearly
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preserved in the course of the expansion. In addition, i
readily seen that the equilibrium relations are recovered
ing such a spectrum. In fact, from Eq.~21! it follows that
n;r3/4, and by introducing a new variabl
x5(N/N0)

1/3(hn/kT), it is easy to see that

r~T!5E
0

`

rT~n!dn5aT4, ~32!

wherea is the usual radiation density constant. In this wa
the spectrum given by Eq.~31! seems to be the most natur
generalization of Planck’s radiation formula in the presen
of ‘‘adiabatic’’ photon production. Since it cannot, on e
perimental grounds, be distinguished from the usual bla
body spectrum with no matter creation, models with ‘‘ad
batic’’ photon creation may be compatible with the pres
isotropy and spectral distribution of the microwave bac
ground. This conclusion is extremely general and may
applied even for Dirac-type cosmologies~the case for
G-variable cosmologies will be discussed in detail el
where!. It is worth mentioning that Eq.~31! is quite different
from the form originally proposed by Canuto and Narlik
@30# to circumvent the criticism of Steigman@29# ~see also
the paper of Narlikar and Rana@31#!. The main difference
comes from the fact that the temperature evolution law~29!
has now been incorporated into the exponential factor of
above spectrum. Although the usual Planckian spectrum
not be distinguished at present from Eq.~31!, this does not
mean that the same happens for high redshifts. For insta
one may check that the wavelengthlm for which rT~l! as-
sumes its maximum value now satisfies the displacement

lmT50.289SN~ t !

N0
D 1/3 cm K, ~33!

which reduces to the usual Wien’s law forN5N0 . Hence,
since in the past,N(t),N0 , for a given redshiftz, the typical
energy of photons whose spectral distribution is given by
~31!, will be smaller than that described by the usual Plan
ian spectrum. More precisely, since the scale factor a
function of the redshift is given byR5R0(11z)21, we see
from Eq. ~29! that

T5T0~11z!SN~ t !

N0
D 1/3, ~34!

whereT0 is the present-day value ofT. This relation has
some interesting physical consequences. First, we obs
that universes with ‘‘adiabatic’’ photon creation are, for a
value of z.0, cooler than the standard model. Such a p
diction may be experimentally verified, for instance, obse
ing atomic or molecular transitions in absorbing clouds
high redshifts. In this way, it provides a crucial test for mo
els endowed with ‘‘adiabatic’’ photon production, which
accessible with the present day technology. In this conn
tion, Songailaet al. @32# recently reported the detection o
the first fine structure of neutral carbon atoms in thez51.776
absorption-line system. Assuming that no other signific
sources of excitation are present, the relative population
the level yielded a temperature ofT57.460.8 K while using
the standard relation it should be 7.58 K. Although, in acc
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dance with this prediction, it is too early to interpret such
measurements as a new successful test of the standard mod
As remarked by Mayer@33#, it is very difficult to pin down
the amount of local excitation in the observed clouds using
independent observations. In this way, this result must
strictly be considered as an upper bound for the temperatur
of the Universe in the above-mentioned redshift. In principle,
improved observational techniques as well as some reason
able estimates of the possible sources of excitations, ma
lead to a smaller value of the temperature, in conflict with
the standard prediction. In this case, as happens with th
cosmological constant and age problems, a decaying vacuum
cosmology may become an interesting possibility to fit the
data. In the future, temperature-redshift measurements o
sufficient accuracy may constrain the free parameters of an
specific decayingL model, or more generally, any kind of
cosmology endowed with ‘‘adiabatic’’ creation of photons.
Note also that Eq.~34! gives us a simple qualitative expla-
nation of why models with decaying vacuum may solve the
cosmological age problem which plagues the class of FRW
models. In fact, since for a given redshiftz the Universe is
cooler than the standard model, more time is required to
attain a fixed temperature scale in the early Universe. Som
quantitative examples are given in Refs.@13–17#.

As is well known, there is no derivation specifying either
how fast the vacuum decays or how it couples with matter
and/or radiation. As discussed earlier, this is equivalent to
determining the functionN(t). In the present case, regardless
of the form of such a function, it seems that the radiation
must be produced through an induced decay mechanism, be
cause the energy is always injected ‘‘adiabatically,’’ that is,
fully equilibrated with the generalized Planck spectrum.
Such a possibility was noted but not discussed by Frees
et al. @11#. On the other hand, if one assumes that the
vacuum couples only with the radiation, this means that
baryons~and antibaryons! are not produced in the course of
the evolution. Therefore, such as in the standard FRW
model, the number density of the nonrelativistic component
is conserved, that is,nb scales withR

23, and from Eq.~34!
we may write

s rb5s r0

N~ t !

N0
, ~35!

wheres rb54aTr
3/3nb is the radiation-specific entropy~per

baryon! and sr0 its present value. The above expression
means that the photon-baryon ratio increases as the Univers
expands, however, at a rate which is strongly model depen
dent. Since the functionN(t) has not been determined from
first principles, the constraint from nucleosynthesis code can
not be seen as a definitive answer, at least while we do no
know how to select the best phenomenological description
for the decaying vacuum. In this way, it is not surprising that
models based on different decay rates and/or initial condi-
tions, lead to somewhat opposite conclusions about suc
constraints~compare, for instance, Refs.@11, 14#!.

VI. CONCLUSION

The thermodynamic behavior of variableL models has
been investigated in the framework of a first-order relativistic
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theory for irreversible processes. The main results deri
here may be summarized in the following statements:

~1! Decaying vacuum models with photon creation m
be compatible with the constraints of the cosmic backgro
radiation only when the creation occurs under ‘‘adiabati
conditions, e.g., when the equilibrium relations are p
served. This is equivalent to, say, that the entropy per pho
remains constant during the creation process~see Sec. IV!.

~2! If the vacuum decays ‘‘adiabatically’’ in particle
obeying the equationp5~g21!r, the temperature law is
given byN12gT3Vg215const, whereN(t) is the instanta-
neous number of particles andV the comoving volume. In
the case of radiation~g54/3!, it reduces toN21T3V5const,
and for a FRW geometry,V;R3, we haveN21/3TR5const
@see Eq.~29!#.

~3!The usual Planckian spectrum has been generalize
include ‘‘adiabatic’’ photon creation@see Eq.~31! and the
appendix#. Such a form is uniquely determined by the rad
tion temperature law. In this way, when the ‘‘adiabatic’’ co
dition has been implemented, it can be applied regardles
the specific creation mechanism operating in the spacet
For instance, it holds for models endowed with ‘‘adiabati
creation at the expense of the gravitational field as discus
in Refs. @23–26#. The new spectrum is preserved in th
course of the evolution and is clearly consistent with
present isotropy of the CMBR. Instead of the matter creat
process, the observed slight anisotropy~such as in the stan
dard model! must be associated with the usual physical p
cesses taking place during the matter-dominated phase.

~4! The measurement of the Universe temperature at h
redshifts is a crucial test for models endowed with ‘‘ad
batic’’ creation, in particular, for decaying vacuum cosmo
gies. For a given redshiftz, the temperature is smaller tha
that one predicted by the standard model@see Eq.~34!#.

Finally, we remark that the results presented here may
generalized by allowing additional contributions for th
EMT ~different creation mechanisms!. However, if the
‘‘adiabatic’’ condition is imposed, neither the temperatu
law nor the form of the spectrum will be modified. Speci
models will be studied in a forthcoming communication.
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APPENDIX: ‘‘ADIABATIC’’ BLACKBODY SPECTRUM

In this appendix, a formula for blackbody radiation wh
the photon creation process takes place ‘‘adiabatically,’
ved
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derived. As we have seen, in this case the temperature law i
given by @see our Eq.~29!#

N21/3TR5const. ~A1!

Since the wavelengthl scales withR, the above equation
means that if one compresses or expands a hollow cavity
containing blackbody radiation in such a way that photons
are ‘‘adiabatically’’ introduced in it, we may write for each
wave component

N-1/3lT5const. ~A2!

The above quantity plays the role of a generalized ‘‘adia-
batic’’ invariant in the sense of Ehrenfest@34#. WhenN is
constant, the usual adiabatic invariant for expanding black-
body radiation is recovered.

Let T1 be the temperature in the instantt5t1 , and focus
our attention on the bandDl1 centered on the wavelengthl1
whose energy density isrT1(l1)Dl1. In a subsequent time
t5t2 , when the temperatureT1 changed toT2, due to an
‘‘adiabatic’’ expansion, the energy of the band changed to
rT2(l2)Dl2 and according to Eq.~A2!, Dl1 and Dl2 are
related by

Dl2

Dl1
5SN~ t2!

N~ t1!
D 1/3 T1T2 . ~A3!

As shown earlier in Sec. IV, the thermodynamic equilibrium
relations are preserved and since distinct bands do not inter
act, it follows that

rT2~l2!Dl2

rT1~l1!Dl1
5S T2T1D

4

. ~A4!

By combining the above result with Eq.~A3! and using again
Eq. ~A2!, we obtain for an arbitrary component

rT~l!l55const3N4/3. ~A5!

In the Planckian case,N5N05const, the above expression
reduces torT~l!l55const, as it should be. Without loss of
generality, taking into account~A2!, the above result may be
rewritten as~we have normalizedN by its valueN0 without
photon creation!

rT~l!5S NN0
D 4/3l25f* F S NN0

D 21/3

lTG , ~A6!

wheref* is an arbitrary function of its argument. In terms of
frequency, sincerT(n)dn5rT(l)udn/dludl, it follows that

rT~n!5S NN0
D 4/3n3fF S NN0

D 21/3 T

n G , ~A7!
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wheref is proportional tof* . The above equation is a gen
eralized form of the well-known Wien’s law@35#. In order to
recover the usual Planckian distribution, the arbitrary fun
tion must be

f5
8ph

c3
1

expF SN~ t !

N0
D 1/3 hn

kTG21

,

with Eq. ~A7! taking the form assumed in Eq.~31!: namely,
-

c-
rT~n!5SN~ t !

N0
D 4/3 8ph

c3
n3

expF SN~ t !

N0
D 1/3 hn

kTG21

. ~A8!

Note that no reference has been made to the specific sour
of photons. The above-sketched derivation depends only o
the temperature law as given by Eq.~A2!, or equivalently,
that creation occurs preserving the equilibrium relations
~‘‘adiabatic’’ creation!.
z
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