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Is the radiation temperature—redshift relation of the standard cosmology

in accordance with the data?
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ABSTRACT

The radiation temperature—redshift relation for Friedmann—Robertson—Walker geometries
is rediscussed in connection with recent observational data based on the fine-structure
splitting of atomic and singly ionized carbon lines in quasar absorption-line systems.
Indirect measurement of 7(z) is one of the most powerful cosmological tests available
because it may exclude even the presence of a cosmological constant. Unlike recent claims,
we argue that the temperature at high z may be smaller than the standard prediction, thereby
opening a window to alternative (big bang) models. By including new ingredients like a
phenomenological decaying vacuum energy density and gravitational ‘adiabatic’ photon
creation as well as late inflationary models driven by a scalar field, a new temperature law is
deduced and its predictions are compared with the standard result.
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1 INTRODUCTION

The existence of the cosmic microwave background radiation
(CMBR) is regarded as the best evidence for a primeval expanding
state of the Universe. The present-day temperature of the CMBR
is accurately measured by the COBE FIRAS experiment to be
Tcope = 2.728 £ 0.002K (lo confidence level; Fixsen et al.
1996). The COBE experiment also provides data with remarkable
sensitivity on the isotropy (Smoot et al. 1992) and blackbody
nature (Mather et al. 1994) of the spectrum. However, this result
by itself does not constitute a proof of the cosmological nature of
the CMBR. If the universe really started from a homogeneous and
isotropic collapsed state, the simplest prediction of such a model is
that the temperature of this blackbody radiation has always been
spatially uniform and higher in the past. Naturally, this cannot be
inferred from COBE experiments, and requires measurements of
the CMBR temperature at moderate and high redshifts.

How does the CMBR temperature increase when we look back
in time? The answer to this question is immediate only for
Friedmann—Robertson—Walker (FRW) models where the radia-
tion fluid expands adiabatically, especially after decoupling.
Actually, if the average number of photons is conserved, the
scaling law of the entropy, S ~ T°R?, implies that the temperature
grows proportionally with the redshift. However, in a more general
framework, the function 7(z) depends on the ingredients present in
the FRW geometry or, equivalently, on the possible mechanisms
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acting upon the radiative component. If photon creation takes
place, for instance, because of a continuous decaying vacuum
energy density or some alternative mechanism of quantum
gravitational origin, the standard linear law is necessarily
modified. In this case, measurements of the temperature at high
redshifts constrain the free parameters of these models. As we
shall see, the 7(z) relation is a potential candidate for a new source
of difficulties for the standard model. If confirmed by the
observations, such difficulties cannot be resolved either by the
presence of a pure cosmological constant or any non-luminous
(separately conserved)‘quintessence’.

2 TEMPERATURE-REDSHIFT RELATION

In order to emphasize the main assumptions involved in this
problem, we first discuss how the temperature law 7(z) may be
derived in a framework more general than the familiar photon
conserved picture.

We shall restrict our analysis to cosmologies described by the
FRW line element (¢ = 1):

2
ds? = d? — R*(1) (% + 2 de + 2 sin20d¢2), )

where R is the scalefactor and k= 0,*1 is the curvature
parameter.

For the sake of generality, we assume that the material medium
of the universe is a mixture of three different components: a y
fluid, which includes radiation and matter as particular cases, a
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‘quintessence’ x component and a ‘bare’ cosmological constant. In
this case, the Einstein field equations are

Rk
8‘1’rG(p-i-pX)+A0—3F+3F7 2)
R R &k
837G +p,) — Ag=—2 3)

R R R
where a dot means time derivative, Ao is the cosmological
constant, and p, p,, p, p, are the densities and pressures of the y
fluid and x component, respectively. The energy conservation law
(uaT;‘EB = 0) and the balance equation for the particle number
density can be written as

p+3(p+ pH = C,, 4
n+ 3nH = i, )]

where H = R/R is the Hubble parameter, n is the particle number
density and ¢ is the particle source term, which is directly related
to the presence of the x component. For convenience we have also
introduced the notation

C.=—py = 3(p, + pOH. ©6)
This quantity depends only on the x component, and works
essentially like a source term for the y-fluid energy. It is worth

notice that the C, term may describe several situations of current
cosmological interest. The most important cases are the following.

(i) A time-dependent cosmological constant A(f) (Ozer & Taha
1986, 1987; Freese et al. 1987; Chen & Wu 1990; Carvalho, Lima
& Waga 1992; Lima & Maia 1994; Lima 1996; Lima & Trodden
1996; Silveira & Waga 1997; Overduin & Cooperstock 1998). In
this case, p, = —p, = A@#)/(8wG) and using (6) we find
C. = —A/(8TG).

(i) Thermogravitational quantum creation (Prigogine et al.
1989; Calvao, Lima & Waga 1992; Lima & Germano 1992;
Zimdhal & Pavon 1994; Lima, Germano & Abramo 1996; Lima &
Alcaniz 1999). Now p, = 0, p, is a creation pressure, and from (6)
we have C, = —3p H. Although quite different on thermodyna-
mical grounds, this approach resembles the old bulk viscosity
description for matter creation. For this kind of models there is no
second fluid component, because only an additional negative
pressure takes place in the medium.

(iii) Scalar field cosmologies. The x component for this type of
model is defined in terms of a Langrangian density,
L= 0k, — V(¢), for which p, = $?/2 + V(¢) and p, =
$%/2 —V(¢). As one may check, C,=—dd —3HPH> —
V/(¢)d, where the dash denotes a derivative with respect to the
field ¢. Usually, the field is assumed to be very weakly coupled to
produce ordinary matter and radiation (Ratra & Peebles 1988;
Frieman et al. 1995; Caldwell, Dave & Steinhardt 1997; Frieman
& Waga 1998). In principle, we consider here a more general
framework. Even at late stages, when the field rolls down the
potential, it is continuous and slowly transfers energy and particles
to the y-fluid component.

Naturally, if C; = 0, both the x fluid and the normal component
are separately conserved. In this case, we must have ¢y = 0 and the
standard photon conserved picture is maintained.

The macroscopic quantities of the 7y fluid are related by the
Gibbs law:

nTdo=dp— @)

where o is the specific entropy and T is the temperature. Now,

+
PPy,
n

because do is an exact differential, the above expression yields the
well-known thermodynamic identity

ap\ _ 67p
(i) zeee (@),

The thermodynamic behaviour of the vy component is
completely defined by equations (4), (5), (7) and (8). By adopting
the pair (7, n) as thermodynamic independent variables, the
variation rates of T and ¢ are given by (Lima 1996)

T_ ap\ n 11 _ nC,
7= (in).n (%2) e ®
oT ),
. 1 nC,
= -—. 10
o nT<a_P) {p%—p 11/] (10)
oT ),

Although a general analysis might be carried out, in what follows
we assume that the 7y component is a radiation fluid (p = p/3).
We first remark that the equilibrium blackbody relation, n ~ T3, is
possible only if the second term on the right-hand side of (9)
vanishes identically, that is

Ci= 2 . (11)
3n

On the other hand, from (10) we see that the specific entropy is
constant. For the cases (i) and (ii) such a condition has been
termed ‘adiabatic’ photon creation, because the radiation entropy
and the total number of photons increases but the ratio o = S/N
remains constant (Calvao et al. 1992; Lima 1996; Lima et al.
1996). As a result, the radiation entropy increases proportionally
to the comoving number of photons N. Naturally, even for
adiabatic creation, there are out-of-equilibrium contributions
encoded in the temperature law. Actually, inserting (5) and (11)
into (9) one finds the generalized relation

T R

7= "R + % (12)
As expected, for ¢y = 0 the standard FRW law is recovered:

TR = TyRy = constant, (13)
or, equivalently,

T =Tyl + 2). (14)

In this form, the above temperature—redshift law holds for the
FRW class (with and with no cosmological constant), as well as
for any cosmology with an exotic decoupled x component.
Particular examples are the scalar field cosmologies proposed by
Ratra & Peebles (1988). Therefore, a new thermodynamic
cosmological scenario comes out only if ¢ (or equivalently C,)
is different from zero. In this case, modelling the quantity ¢, C, is
automatically obtained from (11), and a new thermodynamic
scenario may be established by rewriting (5) as

n
L 41=
3nH A, 15

where the convenient parameter B(f) = ¢/(3nH) has been
introduced. This dimensionless parameter is the ratio between
two relevant rates, and is constrained by 0 < B(¢) < 1. The lower
limit yields the photon-conserved picture (adiabatic expansion)
and the upper limit also arises in a natural way. It defines an
extreme theoretical situation where the matter creation phenom-
enon is so huge that it compensates for the dilution resulting from
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expansion. This parameter is a function of the cosmological time
because the ‘decaying rate’ i/3n, in principle, is not proportional
to the Hubble parameter. However, in order to present a class of
models slightly more general than the standard photon-conserving
scenario, it will be assumed that such a ratio is constant. This
hypothesis seems to be physically reasonable, at least to the late
stages of the evolution, when the radiation fluid has decoupled. A
more general discussion of this subject will be presented soon
(Lima, in preparation). For constant (3, a straightforward
integration of (12) yields

T =Ty + 2~ (16)

This result means that for a given redshift z, the temperature of the
expanding universe is slightly lower than in the standard photon-
conserved scenario. Now, motivated by this theoretical possibility,
let us discuss whether the current observations give some support
to this temperature law.

3 PRESENT OBSERVATIONAL STATUS

As is widely known, the best experimental method available to
measure 7(z) is provided by absorption lines from molecules,
atoms and ions. The lines from cyanogen (CN) are of special
interest because of their sensitivity, as are those of carbon (C® and
C™), which can be observed locally and also in the spectra of
distant quasi-stellar objects (QSOs). We recall that observation of
CN absorption lines from diffuse interstellar clouds in the line of
sight of bright nearby stars yielded a CMBR temperature of Ty =
272913023 K (Roth, Meyer & Hawkings 1993; Roth & Meyer
1995), in perfect agreement with the COBE FIRAS result.
However, for other values of z, the temperature of the CMBR
has been obtained from observations of QSO absorbers, as
proposed by Bachall & Wolfe (1968).

The general method is to use the column density ratio of the
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absorption line originating from the fundamental and first excited
states of C° and C*, thus obtaining an excitation temperature
defined as

AE
f m( g*/8 ) 7

N*/N
where AFE is the energy difference between the fine-structure
levels, k is Boltzmann’s constant, g are the statistical weights and
N the column densities (the star denotes the excited level).
Naturally, because different mechanisms other than the CMBR
contribute to populating the fine-structure excited level, this Te, is
just an upper limit to the actual 7(z).

The first observations leading to 7(z) were very uncertain and
just set an upper bound of 45K at z=2.5 by using Cu lines
(Bahcall, Joss & Lynds 1973). Later Meyer et al. (1986) used C1
lines to place a limit of 16 K in an absorption system at z = 1.776,
which was re-observed by Songaila et al. (1994). With a total
exposure time of 13h at the Keck I telescope, their spectra
allowed one not only to place a more accurate upper limit in the
CMBR temperature but also to separate the system into two
different components.

During the last few years new results have become available in
the literature, although most of them are still upper limits. These
results are plotted in Fig. 1, where the references are also listed.
Except for two absorption systems (z = 2.652 and 2.9034) that are
Lyman-limit systems (LLS), all the others are damped Ly«
systems (DLS). For three systems (z= 1.721,1.77638 and
1.77654) the results come from C1 lines, while for the others,
all at 7> 2.5, T(z) comes from Cu lines. Notice that for the
system at z = 1.9731 both C1 and C1 lines are observed (Ge,
Bechtold & Black 1997). Except for the system at z = 2.652, the
values for the high-z systems are upper limits, because either the
absorption line arising from the C* excited state is too weak to be
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Figure 1. The temperature—redshift relation. The lines correspond to the CMBR temperature given by the standard model (solid line) and models including
photon creation characterized by the parameter 3 (see text) equal to 0.05 (dotted line), 0.12 (dashed line) and 0.20 (dot—dashed line). The points correspond
to the excitation temperatures obtained from the column density ratios of absorption lines from the fundamental and first excited levels of C1(z < 2) and C1t
(z > 2); error bars are 1o while upper limits are 20.
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measured, given the spectral signal-to-noise ratio available, or the
ground-state line is too saturated to yield accurate column
densities.

In Fig. 1 we show the theoretical prediction of the CMBR
temperature, 7(z), for all photon-conserving hot big bang
scenarios, as well as in the more general framework given by
equation (16). The error bars and data points correspond to
excitation temperatures that may be converted to the CMBR
temperature, after correction for other mechanisms populating the
levels (collisions and fluorescence).

4 PHYSICAL MECHANISMS AND
TEMPERATURE CORRECTIONS

In the following we discuss the possible corrections to the
excitation temperatures and their effect on 7(z). Details of the
calculations and the atomic data will be presented soon (Silva &
Viegas, in preparation).

Neutral carbon is present mainly in neutral low-temperature
gas. This, in addition to the CMBR, collisional excitation by H
atoms, and fluorescence through higher levels caused by galactic
radiation, may populate the C° excited state. The collisional effect
is illustrated in Fig. 2, showing the C° population ratio as a
function of the excitation temperature, for different values of the
neutral hydrogen density, assuming a gas temperature of 100 K.
Two points are plotted for each C1 system considering to the same
population observed ratio but two different CMBR temperatures.
One (on the right) neglects the effect of collisions, i.e. gives the
blackbody temperature necessary to explain the population ratio.
The other (on the left) corresponds to the standard CMBR
temperature at the redshift of the system, which is too low to

explain the observed ratio; thus, collisional excitation is necessary
and for each system the value of the H density is different,
reaching about 45 cm ™ for the system at z = 1.9731. For this
system, Ge et al. (1997) have already proposed a temperature
correction (see Fig. 1) assuming H collisions, with ny, = 21 cm ™3
and fluorescence resulting from a strong galactic field with an
intensity a factor of 17 higher than the Milky Way radiation field
(Black 1987). If fluorescence is taken into account in the
population calculation, the higher the field intensity the lower
the myy, value necessary to reproduce the C° population rate. As
these C1 systems are damped Lyman systems, usually associated
with the disc of galaxies, the natural expectation is a higher
volumetric density. Hence, the ny, could be as high as indicated in
Fig. 2. In this case, if the effect of the galactic radiation field is not
negligible, the CMBR temperature would be lower than the value
predicted by the standard cosmology at the redshift of the system.

Concerning the Cir systems, a similar analysis can be
performed. The population ratio versus the temperature is shown
in Figs 3 and 4, corresponding to the physical conditions in DLS
and LLS, respectively. The effect of fluorescence is negligible for
the densities involved. For the Lyman-limit systems, a gas
temperature of 10*K is assumed and the main excitation
mechanism is electronic collisions. As in Fig. 2, each system is
represented by two points. Most of the DLS data are upper limits
so that the result shown in Fig. 3 is somewhat indicative, and
points only to an upper bound for ny,. The only ‘observed’ ratio
corresponds to the LLS at z = 2.652, for which the electronic
density indicated in Fig. 4 is about 0.07 cm . This value is higher
than the one assumed in models where the LLS is photoionized by
the QSO background radiation. However, such models lead to
LLS sizes that are too high (Gruenwald & Viegas 1993). An
alternative model accounting for a hot halo radiation field

T[K]

Figure 2. The observed ratio between the population of the first excited and fundamental levels of C° as a function of the excitation temperature. The lines are
labelled by the value of ny,. The points correspond to the observational data for the C1 lines, with the same notation as used in Fig. 1. For each absorption
system two points are plotted: on the right the result corresponding to ny, = 0 (equivalent to the excitation temperature), and on the left the result
corresponding to the coupled effect of the CMBR (with the temperature fixed at the value given by the standard model at the redshift of the system) and

collisional excitation by H1.

© 2000 RAS, MNRAS 312, 747-752
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Figure 3. The observed ratio between the population of the first excited and fundamental levels of C* as a function of the excitation temperature. The
observational data come from damped Lyman systems, assuming a gas temperature equal to 100 K. The curves are labelled by ny,. As in Fig. 2, for each

absorption system two points are plotted.
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Figure 4. Same as Fig. 3 for Lyman-limit systems, assuming a gas temperature equal to 10* K. The curves are labelled by n.. As in Fig. 2, for each absorption

system two points are plotted.

indicates that the system densities may be higher (Viegas & Friaga
1995; Viegas, Friaga & Gruenwald 1999), usually in the range 0.1
to 10cm 2. In this case, the CMBR temperature would also be
lower than the standard cosmology value at z = 2.652.
Molecular rotational transitions could also provide a 7(z)
estimate. However only four QSO absorption systems were found
showing molecular transitions (Wiklind & Combes 1994, 1995,
1996a,b). T(z) = 4 = 2K (the error is 30) could be obtained for

© 2000 RAS, MNRAS 312, 747-752

one of these systems at z = 0.89 (Wiklind & Combes 1996b). This
value is in agreement with the standard cosmology prediction
[T(0.89) = 5.16 K] only at 20 confidence level, and may also
indicate the need for an alternative model.

As T(z) increases with z, more reliable conclusions would be
possible if more precise data at high z became available. This
implies better determination of the column densities of the C11
absorption lines and an effort to detect the C1 absorption lines in
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damped Lyman systems at z > 3, which is presently a challenge to
the observers. This brief analysis of the data indicates that the
CMBR temperature may be lower than the value predicted by the
standard cosmology, consequently opening the possibility of
alternative (big bang) models of the Universe. We stress that if the
analysis presented here is confirmed by more accurate observa-
tions, the standard model, as well as other models in vogue like
conserved ‘quintessence” or ACDM models, will be ruled out by
this kind of test.
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