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sky apart from cosmic expansion. Indeed, from the steady-state perspec-
tive, Olbers and all the others who pondered the dark night sky missed a
great chance to predict that the Universe was expanding!

The steady-state theory, however, came into conflict with a growing
body of observational evidence during the 1950s and was abandoned by
most cosmologists after the discovery of the cosmic microwave background
(CMB) in 1965. One might have expected the expansion resolution of Ol-
bers’ paradox to fade away at the same time. In fact, however, it proved far
more durable than the steady-state theory itself. This may be because, as
the first resolution to be proposed in the context of relativistic cosmology,
it had somehow acquired an association with Einstein’s theory of general
relativity. Alternatively, the abstract notion of expanding space may have
seemed more appropriately “modern” than alternatives based on the mun-
dane physics of earlier centuries. But whatever the reason for its ongoing
appeal, cosmic expansion is not the primary reason for the darkness of the
night sky in the vast majority of realistic big-bang models, as was first
forcefully argued by Harrison beginning in 1964 [26] and as we will make
clear in Chaps. 2 and 3.

Two final points should be made in connection with expansion and the
steady-state theory. First, while expansion is not primarily responsible
for the darkness of the night sky as seen by human eyes, it does play a
critical role in another part of the spectrum, namely the microwave band.
Most of the light that reaches us from the depths of space in this band
was not generated by stars over the lifetime of the Universe, but is instead
believed to represent a “flash photo” of the big-bang fireball itself, cooled
to microwave temperatures by billions of years of cosmic expansion. Thus
it is expansion, not lifetime, that makes the microwave sky dark. Needless
to say, Olbers himself was concerned with the visible sky and knew nothing
of the CMB. However, it is in this sense that some authors have presented
expansion as the resolution to a different kind of paradox in which, to
quote S. Weinberg, “the microwave background appears as the pale image
of the fiery furnace with which we were threatened by de Chéseaux and
Olbers” [30, 31]. We will discuss the microwave background and possible
contributions to it in Chap. 5.

The second point is that, whatever their original motivation, steady-
state theorists performed a valuable service in resurrecting Olbers’ argu-
ment and restoring it to the forefront of astronomy. There is now general
agreement that any cosmology that hopes to be taken seriously must have
a satisfactory explanation for the dark night sky. Indeed, as we will argue
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in the chapters to come, the converse holds as well: the search for unex-
plained features in the light of the night sky may hold the key to a deeper
understanding of cosmology.

1.15 Olbers’ paradox today

By 1970, only two of the dozen or more explanations originally proposed for
the darkness of the night sky were still in active circulation: expansion and
the finite age of the galaxies (or alternatively, the finite energy they have
emitted). But widespread unease lingered as to which solution was correct,
or more precisely, which solution was more important in determining the
actual level of intensity of light reaching the Milky Way. There were debates
over the fine points of Harrison’s arguments [32-34]. It was pointed out that
expansion could still be the dominant effect in some big-bang models [35],
and that finite age could still be seen as the dominant effect in steady-state
models—if “age” were defined in a technically more general way involving
the concept of geodesic completeness [14].

Among scientific experts, discourse of this kind is a healthy sign of a
discipline in its growing years. The net result for non-specialists and stu-
dents of astronomy, however, was confusion. A survey of modern astronomy
textbooks carried out in 1987 revealed that 30% agreed with Harrison in
attributing the darkness of the night sky to the finite age of the galaxies,
while 20% cited expansion as the cause. The other 50% mentioned both
factors, though without an assessment of which was more important. This
confusion prompted the appearance in 1987 of an article by P.S. Wesson,
K. Valle and R. Stabell [36] that introduced a new method, to be presented
in Chaps. 2 and 3, of tackling the problem of the dark night sky. With
this method, the authors gave a simple yet exact quantitative assessment
of the relative importance of the age and expansion factors, and thereby
laid Olbers’ paradox to rest with appropriate honors [37, 38].

We now know what Olbers did not: that the main reason why the sky
is dark at night is that the Universe had a beginning in time. This can be
appreciated qualitatively (and quantitatively to within a factor of a few)
with no relativity at all beyond the fact of a finite speed of light. Imagine
yourself at the center of a ball of radius R, filled with bright sources whose
uniform luminosity density £(r) = L. The intensity @ of background
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radiation between you and the edge of the ball is just

R
Q= /0 L(r)dr = ctoLy (1.1)

where we have used R = cty as a naive approximation to the size of the
Universe. Thus knowledge of the luminosity density £y and measurement
of the background intensity @ tells us immediately that the galaxies have
been shining only for a time ¢g.

More refined calculations introduce only minor changes to this result.
Expansion stretches the path length R, but this is more than offset by the
dilution of the luminosity density £(r), which drops by roughly the same
factor cubed. There is a further reduction in £(r) due to the redshifting
of light from distant sources. So Eq. (1.1) represents a theoretical upper
limit on the background intensity. In a fully general-relativistic treatment,
one obtains the following expression for @) in standard cosmological models
whose scale factor varies as a power-law function of time (R o t¢):

Q- (itoﬁo .
+/
This result may be checked using Eq. (2.10) in Chap. 2. Thus Eq. (1.1)
overestimates @ as a function of ¢y by a factor of 5/3 in a Universe filled
with dust-like matter (¢ = 2/3).

Insofar as @ and Ly are both known quantities, one can in principle
use them to infer a value for ¢g. Intensity @, for instance, is obtained by
measuring spectral intensity Ix(\) over the wavelengths where starlight is
brightest and integrating: @ = [ Ix(A)dA. This typically leads to values
of around Q ~ 1.4 x 107* erg s~! cm™2 [39]. Luminosity density Lo can
be determined by counting the number of faint galaxies in the sky down to
some limiting magnitude, and extrapolating to fainter magnitudes based on
assumptions about the true distribution of galaxy luminosities. One finds
in this way that £o ~ 1.9 x 10732 erg s! em ™2 [40]. Alternatively, one
can extrapolate from the properties of the Sun, which emits its energy at a
rate per unit mass of €5 = Lo /Mg = 1.9 erg s7! g=1. A color-magnitude
diagram for nearby stars shows us that the Sun is modestly brighter than
average, so a more typical rate of stellar energy emission is about 1/4 the
Solar value or € ~ 0.5 erg s~ g~!. Multipying this number by the density
of luminous matter in the Universe (pjum = 4 x 10732 g cm~?) gives a figure
for mean luminosity density which is the same as that derived above from
galaxy counts: Lo = €prum ~ 2 x 10732 erg s7! cm~3. Either way, plugging
Q and L into Eq. (1.1) with £ = 2/3 implies a cosmic age of tg = 13 Gyr,

(1.2)
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Fig. 1.15 A compilation of experimental measurements of the intensity of cosmic back-
ground radiation at all wavelengths. This figure and the data shown in it will be discussed
in more detail in later sections.

which differs from the currently accepted figure by only 5%. (The remaining
difference can be accounted for if cosmic expansion is not a simple power-law
function of time; more on this later.) Thus the brightness of the night sky
tells us not only that there was a big bang, but also roughly when it occurred.
Conversely, the intensity of background radiation is largely determined by
the age of the Universe. Expansion merely deepens the shade of a night
sky that is already dark.

We have so far discussed only the bolometric, or integrated intensity of
the background light over all wavelengths, whose significance will be ex-
plored in more detail in Chap. 2. The spectral background—from radio
to microwave, infrared, optical, ultraviolet, x-ray and gamma-ray bands—
represents an even richer store of information about the Universe and its
contents (Fig. 1.15). The optical waveband (where galaxies emit most of
their light) has been of particular importance historically, and the infrared
band (where the redshifted light of distant galaxies actually reaches us)
has come into prominence recently. By combining the observational data
in both of these bands, we can piece together much of the evolutionary
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history of the galaxy population, make inferences about the nature of the
intervening intergalactic medium, and draw conclusions about the dynam-
ical history of the Universe itself. Interest in this subject has exploded
over the past few years as improvements in telescope and detector tech-
nology have brought us to the threshold of the first EBL detection in the
optical and infrared bands. These developments and their implications are
discussed in Chap. 3.

In the remainder of our account, we move on to what the background
radiation tells us about the dark matter and energy, whose current status
is reviewed in Chap. 4. The leading candidates are taken up individually
in Chaps. 5-9. None of them are perfectly black. All of them are capable
in principle of decaying into or interacting with ordinary photons, thereby
leaving telltale signatures in the spectrum of background radiation. We
begin with dark energy, for which there is particularly good reason to sus-
pect a decay with time. The most likely place to look for evidence of such a
process is in the cosmic microwave background, and we review the stringent
constraints that can be placed on any such scenario in Chap. 5. Axions,
neutrinos and weakly interacting massive particles are treated next: these
particles decay into photons in ways that depend on parameters such as
coupling strength, decay lifetime, and rest mass. As we show in Chaps. 6,
7 and 8, data in the infrared, optical, ultraviolet, x-ray and gamma-ray
bands allow us to be specific about the kinds of properties that these par-
ticles must have if they are to make up the dark matter in the Universe.
In Chap. 9, finally, we turn to black holes. The observed intensity of back-
ground radiation, especially in the gamma-ray band, is sufficient to rule out
a significant role for standard four-dimensional black holes; but it may be
possible for their higher-dimensional analogs (known as solitons) to make
up all or part of the dark matter. We conclude in Chap. 10 with some final
comments and a view toward future developments.



