The Dark Night-Sky Riddle:
A *‘Paradox’’ That Resisted Solution

In recent decades the dark night-sky
riddle has become widely known as “‘Ol-
bers’s paradox.”” This popular title, in-
troduced by Hermann Bondi (/) in 1952,
persists even though many writers (2-8)
have shown that Willhelm Olbers did not
originate the riddle. In this article I show
that the word ‘‘paradox’’ is also an un-
fortunate choice; it causes us to interpret
too narrowly the scientific meaning of
the riddle and to misjudge the historical
evidence.

Olbers in 1823 discussed the darkness
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night sky in an infinite universe; in the
second paper he referred to the riddle
as a ‘‘Metaphysical Paradox,’’ and in the
first he attributed the riddle to an undis-
closed source by stating:

Another argument I have heard urged, that
if the number of Fixt stars were more than
finite, the whole superficies of their apparent
Sphere would be luminous.

I have argued elsewhere (/5) that Johan-
nes Kepler was probably the first to
realize that a dark night sky is in direct

Summary. The riddle of a dark night sky, now known as “Olbers’s paradox,” can be
traced back to Thomas Digges in 1576. Since the time of Edmund Halley (1721) the
riddle of a dark night sky in an infinite universe uniformly populated with stars has

been regarded as a paradox. Constant emphasis on the paradoxical aspect of the:

problem of darkness at night, however, leads to a one-sided interpretation of the
riddle. Calling the phenomenon a “paradox” distorts the historical perspective, and
consequently we incorrectly attribute the origin of the riddle to Edmund Halley. Also it
distorts the cosmological perspective and quite probably has greatly delayed the

solution of the riddle.

of the night sky in a universe uniformly
sown with luminous stars and proposed
that the most distant stars remain invisi-
ble owing to interstellar absorption of
starlight (9). In 1744 Jean-Philippe Loys
de Chéseaux had said much the same
(10), and Jaki has discussed the circum-
stances relating to the remarkable simi-
larity of the proposals made by Chés-
eaux and Olbers (/1). The Chéseaux-
Olbers solution of the dark night-sky
riddle fails because the interstellar medi-
um heats up, as shown by John Herschel
(12), and emits as much radiation as it
absorbs. Olbers made no reference to the
work by Chéseaux; he referred to Ed-
mund Halley’s (/3) papers, which Chés-
eaux, though undoubtedly influenced by
them (5, 14), had failed to acknowledge.
In two short but important papers Halley
discussed in 1721 the riddle of a dark
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conflict with the idea of an infinite uni-
verse filled with luminous stars. In Con-
versation with the Sidereal Messenger
(16), Kepler wrote in 1610,

If this is true, and if they are suns having
the same nature as our Sun, why do not these
suns collectively outdistance our Sun in bril-
liance? Why do they all together transmit so
dim a light to the most accessible places?

The historical evidence indicates that
“Kepler’s paradox’’ rather than ‘‘Hal-
ley’s paradox’’ might be a more fitting
title. Kepler, however, saw nothing par-
adoxical in a dark night sky; he believed
in a finite bounded universe, and dark-
ness at night confirmed his belief.

Alternative Interpretations

Unquestionably the riddle of darkness
in an unbounded homogeneous universe
of luminous stars raises cosmological
issues of extraordinary subtlety. We ob-
serve the heavens studded with a finite

number of visible stars, and we notice
how they are separated by empty gaps of
darkness. Why—in a universe that
stretches away apparently without limit
and contains possibly an unlimited num-
ber of luminous stars—do we observe
dark gaps? When observing these dark
gaps, what do we look at? From the
outset we have a choice of alternative
interpretations.

The first interpretation takes for grant-
ed the idea that the dark gaps are actual-
ly filled with distant stars. This idea is
supported by the argument that a line of
sight in any direction must always inter-
cept the surface of a star, no matter how
distant the star. If we suppose that most
stars resemble the Sun, then the sky at
every point should blaze as bright as the
Sun’s disk. This startling contradiction
between theory and observation justifies
the term ‘‘paradox.”’

This interpretation, frequently accept-
ed without question by astronomers and
historians who pay attention to the sub-
ject, assumes that in an infinite star-
populated universe the observed dark
gaps are completely filled with a continu-
ous background of invisible stars. Rays
of light emitted by the background of
stars hurry toward us, and yet for some
puzzling reason never reach Earth.
Guided by this interpretation, historians
have critically examined the various res-
olutions of the paradox proposed by as-
tronomers in the preceding four centu-
ries. Halley receives recognition as a
pioneer, but earlier investigators such as
Thomas Digges, William Gilbert, Johan-
nes Kepler, and Otto von Guericke are
begrudged recognition because they
failed to stress the paradoxical aspect of
the riddle of darkness. ‘‘Paradox’’ be-
comes the operative word, and it is the
paradox of a dark night sky that must be
resolved.

The second interpretation adopts the
apparently simpleminded view that the
dark gaps are mostly empty and not filled
with a background of invisible stars. Of
course, larger and better telescopes re-
veal more and fainter stars and also
numerous extragalactic systems of stars,
but however far we look out into the
depths of space we always see the most
distant stars immersed in pools of dark-
ness. According to this second interpre-
tation, the stars do not cover the sky,
and the problem is reduced to explaining
why the observed gaps remain unfilled in
a star-populated universe of unlimited
extent. Because no startling contradic-
tion now exists between observation and
expectation, ‘‘paradox’’ is no longer the
operative word; we have a puzzle but not
a paradox.
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The first interpretation assumes that
the stars actually cover the entire sky in
contradiction of the evidence; hence the
riddle ranks as a paradox, and we must
explain why most stars remain unseen.
The second interpretation assumes that
the stars do not cover the entire sky in
agreement with the evidence; hence the
riddle falls short of being a paradox, and
we must explain why stars are insuffi-
cient to fill the dark gaps and form an
intensely luminous background. Con-
stant use of the word ‘‘paradox’’ en-
courages us to overlook the possibility
of the unparadoxical second interpreta-
tion.

All paradoxes are riddles, but not all
riddles are paradoxes. Life abounds with
paradox, yet ““What is life?’” is a riddle,
not a paradox. Time flows, we say, and
when asked, ‘‘How can time flow?”’, we
are beset by a riddle that amounts to a
paradox. Riddles are puzzles, problems,
or paradoxes, which we attempt to un-
riddle. Paradoxes generally contain con-
tradictory elements and consist of propo-
sitions contrary to known facts or re-
ceived opinions. Calling a thing a riddle
(or, as some would say, a mystery) does
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not exclude it from being also a paradox.
Thus the title ‘‘dark night-sky riddle”’
allows for either of the aforementioned
interpretations. Admittedly we lose the
sensational appeal of ‘‘paradox,” but
this is a small price to pay for an uncom-
mitted mind. A title such as ‘‘Olbers’s
paradox’ or ‘‘Halley’s paradox’ or
‘‘dark night-sky paradox’’ (all of which I
have used myself) has the disadvantage
of stressing an aspect of the riddle that
may be unwarranted.

Of those who adopted the paradoxical
first interpretation, Halley gave a geo-
metrical argument (6, 17) and concluded
that the beams from distant stars ‘‘are
not sufficient to move our Sense’’; Chés-
eaux and Olbers appealed to interstellar
absorption of starlight; and Bondi (1),
working within the framework of the
expanding universe, proposed that the
remote stars are invisible because of
their large red shifts. These and many
other writers assumed that stars cover
the sky at every point and tried to ex-
plain why the light emitted by most stars
remains unseen.

Of those who adopted the unparadoxi-
cal second interpretation, Kepler as-

Fig. 1. Thomas
Digges’s representa-
tion of the infinite uni-
verse in his Perfit De-
scription (23). Be-
cause of The Nature
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of Cusa in 1440, the
idea of an infinite uni-
verse was in the air
in the 16th century.
Digges, who influ-
enced Giordano Bru-
no and William Gil-
bert (see Fig. 2), was
the first astronomer
to champion openly
the idea of an infinite
universe. He disman-
tled the sphere of af-
fixed stars in the Ptol-
emaic and Coperni-
can systems and dis-
persed the  stars
throughout  infinite
space. He was the
first to realize that in
an infinite universe
the darkness of the
night sky needs expla-
nation. The legend in
the diagram reads,
““This orbe of starres

A PER-

fixed infinitely up extendeth hit self in altitude sphericallye, and therefore * immovable the
pallace of foelicitye garnished with perpetuall shininge glorious lightes innumerable * farr
excellinge our sonne both in quantitye and qualitye the very court of coelestiall angelles *
devoyd of greefe and replenished with perfite endlesse joye the habitacle for the elect.”’
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sumed that we look out between the
stars and in effect see a dark enclosing
wall; John Herschel (18), Richard Proc-
tor (19), Fournier d’Albe (20), and Carl
Charlier (21) considered a hierarchical
universe arranged in larger and larger
systems in such a manner that distant
stars remain insufficient to cover the
sky; and Edgar Allan Poe (22) suggested
that we look out in space and back in
time and see the nothingness that existed
before the birth of stars. These and other
authors took the contrary view and as-
sumed that the entire sky is not covered
by stars.

Thomas Digges

Calling the puzzle a ‘‘paradox’’ tends
to distort the historical picture. Halley
referred to the paradoxical aspect of the
riddle, and we may justly say that he
originated the paradox of a dark night
sky. Kepler, and other astronomers be-
fore Halley, failed to see anything para-
doxical in the riddle. With our attention
fixed on the first interpretation, we feel
strongly tempted to criticize these earlier
astronomers for failing to contribute any-
thing significant to the cause of “‘Ol-
bers’s paradox.”” Notice how our atti-
tude changes when we abandon the para-
dox template and regard the problem as
an unqualified riddle. We must ask, Who
was the first person to realize that the
gaps of darkness between visible stars
require an explanation? Without doubt,
from this more general viewpoint, Kep-
ler preceded Halley, and Digges preced-
ed Kepler.

Thomas Digges, the foremost astrono-
mer in England, revised in 1576 his fa-
ther’s book Prognostication Everlast-
inge. In an appended work (23) entitled
““A Perfit Description of the Caelestiall
Orbes,”” Digges explained the Coperni-
can system to a wide audience and intro-
duced a major modification. He wrote,

Especially of that fixed Orbe garnished with
lightes innumerable and reachinge up in
Sphaericall altitude without ende. Of which
lightes Celestiall it is to bee thoughte that we
onely behoulde sutch as are in the inferioure
partes of the same Orbe, and as they are
hygher, so seeme they of lesse and lesser
quantity, even tyll our sighte beinge not able
farder to reache or conceyve, the greatest part
rest by reason of their wonderfull distance
invisible unto us.

By grafting endless space on to the Co-
pernican system and dispersing the
sphere of affixed stars of the Ptolemaic
system, Digges pioneered in 16th-centu-
ry astronomy the idea of an infinite uni-
verse filled with countless stars, a uni-
verse ‘‘fixed infinitely up” and ‘‘gar-

SCIENCE, VOL. 226




nished with perpetuall shininge glorious
lightes innumerable’’ (Figs. 1 and 2).
Copernicus revived the heliocentric the-
ory of Aristarchus, and Digges revived
the infinite universe of Democritus. It
would be unfair to deny Digges the dis-
tinction of taking this extremely impor-
tant step in astronomy on the grounds
that he referred to the star-filled depths
of space as the ‘‘pallace of foelicitye”
and the ‘“‘court of coelestiall angelles
devoyd of greefe and replenished with
perfite endlesse joye.’” Possibly he felt it
imperative to make this concession to
the theological convictions of his audi-
ence. If we deny Digges the innovation
of an infinite universe, we must with
equal injustice deny the more mystical
Kepler his discovery of the three laws of
planetary motion.

In Digges’s Perfit Description, pub-
lished 33 years after the death of Coper-
nicus, we see the beginning of the dark
night-sky riddle. Conceived in the Co-
pernican Revolution and born when the
infinite universe entered Western Euro-
pean astronomy, the riddle had yet to
mature into the burning question, Why is
the sky dark at night? This step was
taken 34 years later by Kepler (/6) in
response to Galileo’s discoveries with
the recently developed telescope. The
riddle has emerged as a realization that
the invisibility of distant stars demands
an explanation. The response given by
Digges and accepted by many astrono-
mers who followed was that most stars
could not be seen because ‘‘the greatest
part rest by reason of their wonderfull
distance invisible unto us.”’

What could be more natural, given the
rudimentary state of optical science in
the 16th century, than to suppose that
the most distant stars were too faint to be
seen? At its birth the riddle received
what seemed a perfectly sensible solu-
tion. Yet in the spirit of the first interpre-
tation, Digges contributed nothing of sig-
nificance to ‘‘Olbers’s paradox’’ because
he found nothing paradoxical in the dark-
ness of the night sky. But in the spirit
of the second interpretation, unencum-
bered by paradox, Digges originated the
riddle of a dark night sky because he was
the first person to realize that the dark
gaps between visible stars need an expla-
nation.

Did Halley Mislead Chéseaux?

Using the word ‘‘paradox’’ also tends
to distort the cosmological picture.
When we suppose the riddle to be para-
doxical, we take for granted that stars
cover the entire sky. The problem then
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consists of explaining why this immense
multitude of stars remains unseen. Chés-
eaux avoided the fault in Halley’s argu-
ment; he understood that stars increase
in number with distance in a way that
compensates for the decrease in their
individual apparent brightness. Unfortu-
nately he saw the riddle in terms of the
first interpretation, possibly because
Halley had recently stressed its paradox-
ical aspect. Ole Roemer (24) had shown
in 1676 that light travels at finite speed
(Fig. 3), and this result had been con-
firmed in 1729 by James Bradley’s
(25) discovery of the aberration of light.
Chéseaux knew that light propagates at
finite speed. Furthermore, he had esti-
mated roughly the average distance be-
tween stars in the solar neighborhood
and could (and in effect did) calculate the
number of stars needed to cover the
entire sky. Without doubt, in conformity
with biblical authority, he believed in a
created universe of finite age (26). He

had available enough information to
show that stars capable of transmitting
light to Earth since the day of creation
were far too few to cover the sky.

A simple and convincing explanation
of the darkness of the night sky lay at
hand. Instead, Chéseaux explored the
idea of absorption and embarked on
a complicated calculation in radiative
transfer. Perhaps if Halley had asked the
simple question, Why do dark gaps exist
between the stars? instead of the para-
doxical question, Why cannot we see the
stars that fill the dark gaps? (27), Chés-
eaux might have solved the dark night-
sky riddle.

The Expanding Universe

In an expanding universe the radia-
tion received from receding extragalactic
sources is enfeebled by red shift. This is
the solution of the riddle first proposed
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Fig. 2 (left). William Gilbert’s representation of the infinite universe in his posthumous New
Philosophy (Amsterdam, 1651). His cosmological ideas were similar to those of Digges and
Bruno; he rejected the geocentric system and championed the infinite universe introduced by
Digges. In his great work On the Magnet, published in 1600, Gilbert wrote, *‘It is evident that all
the heavenly bodies, set as if in destined places, are there formed unto spheres, that they tend to
their own centres, and that round them there is a confluence of all their parts’’ (34). Fig. 3
(right). Title page of Newton’s Opticks, published in 1704. The heading of proposition XI, book
2, part III, reads, ‘‘Light is propagated from luminous Bodies in time, and spends about seven
or eight Minutes of an Hour in passing from the Sun to the Earth.” The first sentence of the
proposition states, ‘‘This was observed by Roemer, and then by others, by means of the
Eclipses of the Satellites of Jupiter.”” The only thing needed to solve Digges’s riddle within the
context of Judaic-Christian-Islamic cosmology of a created universe of finite age was the
discovery of the finite speed of light by Roemer in 1676. When Halley read his two papers to the
Royal Society in 1721, Newton as president was in the chair (6). Why did Newton remain silent
when the answer to the dark night-sky riddle lay at hand? Why did Halley not realize that he had
the information and ideas needed to solve the riddle? Why, among the hundreds of astronomers
in the last three centuries who have commented on the riddle and who believed in a universe of
finite age, did no one realize how simple the solution was? This is now the only remaining
puzzling aspect of the dark night-sky riddle.
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by Bondi (/) that immediately springs to
mind. Much of the subtlety of ‘‘Olbers’s
paradox’ comes from the fact that its
proponents had in mind the steady-state
theory and were, if not historically, tech-
nically correct. In the de Sitter metric of
the steady-state model the surface of the
Hubble sphere acts as an event horizon
(28). (The Hubble sphere is defined as
the region of space around an observer in
which the recession velocity is less than
or equal to the velocity of light; the
radius of this sphere is about 10'° light-
years.) In the steady-state universe,
which has an infinite age, the observer’s
backward light cone asymptotically ap-
proaches the surface of the Hubble
sphere, and the world lines of an infinite
number of stars and galaxies intersect
the backward light cone. Stars therefore
cover the entire sky and remain invisible
owing to their extreme red shift. In this
particular cosmological model the first
interpretation of the dark night sky is
correct.

But steady-state theorists and mem-
bers of their audience believed that the
red-shift solution had general validity
and could be applied to all expanding
cosmological models, including those
with big bangs having particle horizons
instead of event horizons. We may say,
roughly speaking, that particle horizons
exist in cosmological models of finite age
(28). For several years, after Bondi had
drawn attention to the subject, many
investigators stated that the darkness
of the night sky provides proof that
the universe is expanding; some even
claimed that expansion is the necessary
and sufficient condition for darkness.
Most writers who discussed the red-shift
resolution of Olbers’s paradox deemed
mathematical confirmation quite unnec-
essary. Calculations in any case were
awkward for evolving models and re-
quired integrations over the backward
light cone in curved expanding space,
and the results were generally difficult to
interpret (29).

To find the right answer we must first
ask the right question. When we ask a
paradoxical question, we must not be
surprised if we receive a paradoxical
answer. Undoubtedly something about
the red-shift solution is paradoxically
odd. It implies that in a static universe
the night sky is intensely bright. But a
static universe of the kind imagined by
Olbers and earlier workers, as we now
realize, does not contain enough energy
to create a bright night sky (30). If all
matter in the universe were suddenly
annihilated and the released energy con-
verted into thermal radiation, the night
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sky would still be dark. The energy den-
sity of the radiation would be too low by
afactor 107!, Why then must we appeal
to the red shift of an expanding universe
to resolve the so-called paradox when in
fact a bright night sky is already impossi-
ble in a static universe? Come to that,
why must we appeal to hierarchy, or any
of the many variants of a static homoge-
neous universe (5), when already a bright
night sky is impossible?

Something else about the red-shift so-
lution, and about all other solutions in
the category of the first interpretation,
strikes one as rather odd. Simple esti-
mates (7) show that the number of stars
required to cover the entire sky has the
enormous value of 10%°. But the number
of stars in the observable region of an
evolving universe (a region roughly
equal in size to the Hubble sphere) is of
order 10°. When we observe the night
sky, we look out in space 10'° light-years
and back in time 10'° years to the early
universe. The stars in the observable
region of the universe, independently of
whether they are huddled together in
galaxies or uniformly scattered, are in-
sufficient to fill more than 10™'* of the
solid angle of the sky. Hence the dark
gaps cannot be entirely filled with invisi-
ble stars. Interestingly enough, much the
same situation occurs in a static model of
the universe: The stars have typical lu-
minous lifetimes of 10'° years, and, on
looking out beyond a distance of 10'°
light-years (or a few times this distance
for several stellar generations), we look
back to a dark era before the origin of
stars. Again luminous stars cover only
10713 of the sky.

Calculations made with powerful ther-
modynamic methods (30, 31) show that
the extragalactic red shift of stellar light
in most cosmological models is quite
unimportant for the solution of the rid-
dle. Far more important is the fact that
stars cannot shine long enough to fill the
universe with radiation equal in intensity
to that at the surface of stars (7, 15, 28).
Even in the standard model of an infinite
homogeneous static universe of finite
age, of the kind in which the riddle was
conceived, the light emitted by stars falls
a long way short of creating a bright sky,
simply because the stars exhaust their
energy reserves long before the universe
fills with starlight. The time needed to fill
the universe with starlight in equilibrium
with the stars is roughly 10% years,
which greatly exceeds the luminous life-
time of stars. With the new methods (32)
it is easy to design theoretical bright-sky
as well as dark-sky static, nonstatic, and
even steady-state cosmological models.

Conclusions

The sky happens to be dark in an
evolving universe simply because stellar
disks fail to cover the entire sky. The
first interpretation, which treats the rid-
dle as a paradox, is therefore wrong and
the second interpretation correct. Since
the time of Halley the riddle has usually
been stated in the form of a paradox, and
this may explain why earlier astrono-
mers, who were unable to regard it as a
paradox, have been denied credit for
its discovery and development. I have
shown that probably Thomas Digges was
the first to realize that the dark gaps
between the visible stars call for an ex-
planation, and therefore he should re-
ceive credit as the originator of the rid-
dle.

The habit of stating the riddle in para-
doxical form may have greatly delayed
the discovery of the explanation of why
we live in a dark-sky universe. Both
Halley and Chéseaux had sufficient
knowledge to give a finite-velocity-of-
light solution that would have been obvi-
ous and acceptable to everyone.

Of the various assumptions attributed
to Olbers by authors who have discussed
““Olbers’s paradox,” the one of crucial
importance, and never mentioned, is his
assumption that we can afford to ignore
the speed of light. Olbers, repeating
Chéseaux’s argument, estimated with
reasonable accuracy the average dis-
tance between stars in the neighborhood
of the Sun. All he had to do was multiply
the speed of light by the age of the
universe—using either the Mosaic chro-
nology or one of many estimates by
earlier scientists, such as the 100,000
years from Immanuel Kant’s (33) cos-
mogony of 1755—and in a sphere of this
radius he would have found insufficient
stars to cover the whole sky.

The region accessible to observation
in a universe of finite age is always of
finite size. The failure to realize this
important truth by many scientists in the
18th, 19th, and 20th centuries constitutes
the only puzzling feature that survives in
the dark night-sky riddle.

Telescopes reveal numerous stars in
the Galaxy that are invisible to the unaid-
ed eye; telescopes also reveal numerous
galaxies stretching away to the horizon
of the observable universe. The stars
accessible to observation are found to be
insufficient to cover all points of the sky.
Through the gaps between stars we look
back to the beginning of the universe.
Poe (22) in 1848 correctly solved the
riddle in a static model of the universe by
supposing that ‘‘the distance of the in-
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visible background so immense that no
ray has yet been able to reach us at
all.”” This finite-velocity-of-light solution
needs only slight modification when
adapted to an expanding universe origi-
nating from a singular state. A similar
remark applies to the suggestion made
by the British scientist Fournier d’Albe
(20), who stated in 1907:

If the world were created 100,000 years
ago, then no light from bodies more than
100,000 light-years away from us could possi-
bly have reached us up to the present; but
light from stars further and further away
would be continually arriving at the earth’s
surface, and thus our vision into space, con-
fined at present by the Milky Way, would be
expanding at the rate of 186,000 miles per
second.

In the modern expanding and evolving
universe we look through the gaps and
‘‘see’” the big bang. The red-shift of
starlight, which is of only minor impor-
tance in solving the riddle, now assumes
paramount importance: We see the high-
temperature big bang red-shifted into the
feeble 3-degree afterglow that fills the
universe. '

The riddle of a dark night sky unfolds
as an extraordinary story in the annals of
science. One of the most remarkable
features of the riddle is the mischief
played by the seductive word ‘‘para-
dox,”” which has misled the astronomer
into an unwarranted interpretation of the
phenomena and the historian into too
narrow an appreciation of the issues in-
volved.
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