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1. INTRODUCTION

Einstein’s paper, “Cosmological Considerations in the General Theory of Relativ-
ity” (Einstein 1917b), is rightly regarded as the first step in modern theoretical
cosmology. Perhaps the most striking novelty introduced by Einstein was the
very idea of a cosmological model, an exact solution to his new gravitational field
equations that gives a global description of the universe in its entirety. Einstein’s
paper inspired a small group of theorists to study cosmological models using his
new gravitational theory, and the ideas developed during these early days have
been a crucial part of cosmology ever since. We will see below that understanding
the physical properties of these models and their possible connections to astro-
nomical observations was the central problem facing relativistic cosmology in the
20s. By the early 30s, there was widespread consensus that a class of models de-
scribing the expanding universe was in at least rough agreement with astronomical
observations. But this achievement was certainly not what Einstein had in mind in
introducing the first cosmological model. Einstein’s seminal paper was not simply
a straightforward application of his new theory to an area where one would ex-
pect the greatest differences from Newtonian theory. Instead, Einstein’s foray into
cosmology was a final attempt to guarantee that a version of “Mach’s principle”
holds. The Machian idea that inertia is due only to matter shaped Einstein’s work
on a new theory of gravity, but he soon realized that this might not hold in his
“final” theory of November 1915. The 1917 paper should thus be read as part of
Einstein’s ongoing struggle to clarify the conceptual foundations of his new theory
and the role of Mach’s principle, rather than treating it only as the first step in
relativistic cosmology.

Einstein’s work in cosmology illustrates the payoff of focusing on foundational
questions such as the status of Mach’s principle. But it also illustrates the risks.
In the course of an exchange with the Dutch astronomer Willem De Sitter, Ein-
stein came to insist that on the largest scales the universe should not evolve over
time—in other words, that it is static. Although he originally treated this as only
a simplifying assumption, Einstein later brandished the requirement that any rea-
sonable solution must be static to rule out an anti-Machian cosmological model

discovered by De Sitter. Thus Einstein’s concern with Mach’s principle led him
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to introduce the first cosmological model, but he was also blind to the more dra-
matic result that his new gravitational theory naturally leads to dynamical models.
Even when expanding universe models had been described by Alexander Fried-
mann and Georges Lemaitre, Einstein rejected them as physically unreasonable.
Einstein’s work in cosmology was also not informed by a thorough understanding
of contemporary empirical work. The shift in theoretical cosmology brought about
by Einstein’s work occurred at the same time as a shift in the observational as-
tronomer’s understanding of the nature of spiral nebulae and large scale structure
of the cosmos. Others with greater knowledge of contemporary astrophysics, in-
cluding Arthur Eddington, De Sitter, Lemaitre, and Richard Tolman, made many
of the more productive contributions to relativistic cosmology.

This paper describes the early days of relativistic cosmology, focusing on Ein-
stein’s contributions to the field. Section 2 gives an overview of the “Great Debate”
in observational astronomy during the 10s and 20s. Section 3 describes Einstein’s
“rough and winding road” to the first cosmological model, with an emphasis on
the difficulties with Newtonian cosmology and the importance of Mach’s principle.
Conversations and correspondence with De Sitter forced Einstein to consider the
status of Mach’s principle in his new theory, leading to the introduction of his
cosmological model. Although Einstein hoped that this would insure the validity
of Mach’s principle, De Sitter quickly produced an apparent counterexample, a
new model in which Mach’s principle did not hold. Einstein’s attempts to rule
out this counterexample drew him into a tangle of subtle problems regarding the
nature of singularities that also ensnared his correspondents Hermann Weyl and
Felix Klein. Throughout the 20s, theoretical cosmology focused for the most part
on understanding the features of the models due to Einstein and De Sitter and
attempting to find some grounds on which to prefer one solution to the other.
Section 4 takes up these debates, which came to an end with the discovery that
several other viable solutions had been overlooked. This oversight can be blamed
on Einstein’s influential assumption that the universe does not vary with time,
which was elevated from a simplifying assumption to a constraint on any physi-
cally reasonable cosmological model. This assumption kept Einstein, and many
of the other leading lights of theoretical cosmology, from discovering expanding
universe models. Section 5 describes the expanding models, and their relation to
observational evidence in favor of expansion. In the concluding section I briefly
discuss the fate of the consensus formed in the early days of relativistic cosmology
in the ensuing decades, focusing on debates regarding the status of the so-called
“cosmological principle.”

2. THE GREAT DEBATE

The first three decades of the twentieth century were a period of active debate

within the astronomical community regarding the overall structure of the cos-

mos.! At the turn of the century, two leading observational cosmologists, the
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influential Dutch astronomer Jacobus Kapteyn and the German Hugo von Seel-
iger, had embarked on the ambitious project of determining the architecture of the
Milky Way. Astronomers working in this line of research used sophisticated statis-
tical techniques to overcome the fundamental problem facing the project, namely
that of determining distances to the stars, in order to convert observational data
into a three-dimensional map of the stellar system. The program culminated in
the “Kapteyn Universe,” according to which the galaxy is a roughly ellipsoidal
distribution of stars, with the sun near the center.? Starting in 1918, Kapteyn and
others had to contend with the alternative “Big Galaxy” view introduced by the
American astronomer Harlow Shapley. Based on studies of large, dense groups
of stars called globular clusters, Shapley argued that the Milky Way was a factor
of ten larger than in Kapteyn’s model, with the sun placed some distance from
the center. Partially as a result of Shapley’s challenge, the focus of observational
cosmology shifted from determining stellar distributions in the Kapteyn tradition
to using other objects (globular clusters and nebulae) as indicators of large scale
structure. This era has been called the “second astronomical revolution” to reflect
the impact of the new ideas and techniques introduced during this period. I will
set the stage for Einstein’s work by focusing on two aspects of this revolution, the
debates regarding the spiral nebulae and related debates in cosmogony.

By 1930 astronomers had abandoned much of the turn-of-the-century conven-
tional wisdom regarding “spiral nebulae.” Around 1900 many astronomers held
that the Milky Way galaxy was a unique system encompassing all observed objects,
including the enigmatic spiral nebulae. The English astronomer Agnes Clerke, for
example, confidently asserted that “no competent thinker” could accept that any
spiral nebula is comparable to the Milky Way (Clerke, 1890, 368). But by 1930,
few competent thinkers still held Clerke’s opinion. A majority of astronomers in-
stead accepted the “island universe” theory, according to which the spiral nebulae
are similar in nature to the Milky Way.?

The nature of the spirals had been the subject of speculation and debate for
over 150 years. The speculative proposal of Kant, Lambert, and Wright that the
nebulae are “island universes,” composed of stars and similar to the Milky Way
in structure, first garnered support from the observations of William Herschel and
Lord Rosse in the early to mid-19th century. Yet by the turn of the century,
there were three major objections to this idea.* In 1885 a nova flared in the
Andromeda Nebula, and at its brightest this star reached a luminosity of roughly
one tenth that of the entire nebula. Faced with the implausible idea that a single
star could outshine millions of others, many astronomers concluded instead that
the Andromeda Nebula was not a group of stars like the Milky Way. Second, the
technique of spectroscopy revealed bright emission lines in the spectra of some
nebulae, characteristic of luminous gas rather than starlight. This suggested that
the nebulae are regions of hot gas within the Milky Way, rather than groups of
unresolved stars at a great distance. Although some nebulae have starlike spectra,
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this could be explained as the consequence of reflected starlight. Finally, the
positions of the nebulae seemed to be related to the Galaxy itself: the nebulae
shunned the plane of the Galaxy and clustered near the poles. Such a correlation
would be unsurprising if the spirals were within the Galaxy, but it appeared to be
inexplicable based on the island universe theory.

The fortunes of the island universe theory improved dramatically by the mid-
teens. In his influential Stellar Movements and the Structure of the Universe
(1914), the British astrophysicist Arthur S. Eddington argued that, despite the
paucity of direct evidence in its favor, the island universe theory should be accepted
as a useful “working hypothesis,” whereas the idea that the spirals lie within
the galaxy should be rejected because it led to an unproductive dead end. As
Eddington emphasized, the classification of distinct types of nebulae undercut the
second criticism above: the spiral nebulae might lie well beyond the galaxy even
though other nebulae are part of the Milky Way. However, the other criticisms
remained unanswered. Island universe advocates had to admit that novae could
somehow produce tremendous energy, yet at least the novae discovered in spirals
appeared to be significantly dimmer than those within the Milky Way.® The
clustering of spirals near the Galactic poles remained a mystery throughout the
20s, but it was eventually explained as an observational selection effect due to the
absorption of light by interstellar dust (Trumpler, 1930).5

Critics of the island universe theory marshalled two new and apparently quite
damaging results in the late 10s. Two of the most prominent critics, Harlow
Shapley and Adriaan van Maanen, attempted to put the final nails in the coffin of
the island universe theory. As Shapley put it in a letter to van Maanen, “Between
us we have put a crimp in the island universe, it seems—you in bringing the spirals
in and I by pushing the Galaxy out” (quoted in Smith, 1982, 105). Starting in
1914, van Maanen measured what he took to be the rotational motion of objects
within several spiral nebulae. These measurements only made sense if the nebulae
were relatively small, nearby objects; if the nebulae were as large as the Milky
Way and far away, as the island universe theory required, the motions would
dramatically exceed reasonable physical limits. Shapley, for his part, argued that
the Milky Way was much larger than had previously been assumed (by a factor
of ten), leaving plenty of room for the spirals within the galaxy. Shapley reached
the “Big Galaxy” view based on a novel astronomical yardstick: he used Cepheid
variable stars as “standard candles.” Henrietta Leavitt had established that the
period of the variation in the brightness of these stars bears a fixed relationship to
their intrinsic brightness (absolute magnitude). After calibrating the scale using
nearby Cepheids, Shapley could then directly calculate the distances of remote
Cepheids by determining their period.”

The decade closed with the so-called “Great Debate” between Shapley and a de-
fender of the island universe theory, Heber Curtis. The event did not live up to its
billing, since Shapley chose to avoid tackling the island universe theory directly.®
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In fact, Shapley’s “Big Galaxy” view was not directly incompatible with the is-
land universe theory, as Shapley’s own shifting views on the matter in the years
leading up to the debate indicate.” Shapley did not present a detailed attack on
the island universe theory in the published exchange (Shapley, 1921), although he
briefly mentioned the clustering of the spirals around the galactic poles and the in-
compatibility of the island universe theory with van Maanen’s measurements. The
appeal to van Maanen’s measurements of internal motion in the spiral nebulae
had little chance of persuading Curtis, who responsed that van Maanen’s mea-
surements would only be convincing once they had been successfully reproduced
(Curtis, 1921, 214). Controversy regarding van Maanen’s measurements continued
throughout the twenties, until they were eventually rejected as artifacts of subtle
systematic errors.

For his part in the debate, Curtis focused on the crucial issue of how to reli-
ably measure distance to astronomical objects. Shapley had pioneered the use of
Cepheid variables to establish distances to globular clusters, but Curtis questioned
the internal consistency of this method as well as its relative reliability compared to
other distance measures. Ironically, this controversial method would bring about
the resolution of the debate within a few short years of Curtis and Shapley’s ex-
change. Edwin Hubble observed a Cepheid variable in the Andromeda Nebula in
1923 with the powerful 100-inch telescope on Mount Wilson. Based on observa-
tions of variables in a number of galaxies, Hubble concluded that the spiral nebulae
were much farther away than opponents of the island universe theory allowed.!”
This groundbreaking observational work convinced almost all astronomers of the
validity of the island universe theory by the mid-20s. Hubble’s work provided what
had been lacking in earlier stages of the debate: a way of measuring distance to the
spirals that island universe advocates and opponents both considered reliable.!!

The great debate concerning the nature of the spiral nebulae was entangled
with controversies in cosmogony.? This field focused on describing the origins and
evolution of various astronomical structures, ranging in scale from the Earth-moon
system to the solar system and beyond. After the turn of the century the Laplacian
nebular hypothesis was under attack. Laplace had suggested that structures such
as the solar system resulted from the condensation of gaseous nebulae, an account
augmented by Herschel’s claim that the spiral nebulae are proto-solar systems at an
earlier stage of evolution. Theoretical development of the Laplacian idea drew on
increasingly sophisticated mathematical treatments of a problem that is simple to
state, if not to solve: what are the stable configurations of a rotating fluid according
to Newtonian gravitational theory, and how do different configurations evolve over
time?'® The Americans Thomas Chamberlin and Francis Moulton coupled forceful
criticisms of the nebular hypothesis with a new theory of the formation of the solar
system proposed in 1905. Their account had two striking features: first, the planets
were formed by the accretion of smaller hard fragments (planetesimals) rather than
by condensation of a gaseous cloud, and second, an encounter with another star
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triggered formation of the planets. The Chamberlin-Moulton theory triggered
refinements of the nebular hypothesis. James Jeans incorporated the second idea
within a modified nebular hypothesis, according to which an encounter with a
nearby star triggered the condensation of the hot gaseous cloud into the solar
system.

The debate between the nebular hypothesis and Chamberlin-Moulton’s alterna-
tive continued throughout the teens and twenties. Both theories appealed to a wide
variety of astronomical phenomena to justify a number of speculative assumptions.
In a 1913 review of two books on cosmogony, Karl Schwarzschild complained that
the field was “heterogeneous” and “impenetrable” due to “prolixity, pretension,
confusion, and the general lack of mathematical control” (Schwarzschild, 1913,
294). Many of the cosmogonists followed Herschel in appealing to observations of
spiral nebulae, taken to be proto-solar systems at an earlier stage of evolution, to
vindicate aspects of their accounts.!* Schwarzschild singled out this idea as partic-
ularly dubious, and the developments described above vindicated his skepticism.
But more significantly, the new understanding of the spiral nebulae dramatically
increased the scale of the known universe. The concerns of cosmogony appear more
parochial, although still important, once these differences of scale are recognized.
Rather than appealing to results regarding the evolution of rotating fluids or the
interactions of planetesimals, progress in the study of the structure and evolution
of the universe at these largest scales came from an unexpected direction: a new
theory of gravitation.

3. RELATIVISTIC COSMOLOGY

The debates just described form the background for the reception and further
development of relativistic cosmology. However, Einstein’s foray into cosmology
was not motivated by the problems described above, and he apparently had not
kept abreast of new results regarding spiral nebulae and the ensuing controversies.
Instead his groundbreaking 1917 paper began by highlighting an apparently em-
barrassing dilemma for Newtonian cosmology. FEinstein emphasized this alleged
flaw to cast his own newly minted gravitational theory in a better light, but the
motivations for his first foray into cosmology lay elsewhere. Einstein’s “rough and
winding road” to cosmology was a continuation of the path he followed to the
discovery of general relativity. Einstein created the field of relativistic cosmology
as a final effort to guarantee that his new gravitational theory satisfied Machian
ideas.?

3.1. Paradoxes of Newtonian Cosmology. Einstein (1917b) opened with the
following dilemma. If matter is uniformly distributed throughout an infinite uni-
verse, Newtonian gravitational theory does not consistently apply, for reasons that
we will consider shortly. Newtonian cosmology seems to allow only an alternative
picture: an “island” of stars clumped together in an otherwise empty universe.
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Einstein argued that even this possibility can be ruled out, since the island would
be unstable. Einstein presented this as an inescapable dilemma for Newtonian cos-
mology, and his discussion of it served the dual purpose of exposing the inconsis-
tencies of a preceding theory and preparing readers of his paper for a modification
of his own gravitational theory.!®

The problem Einstein noted regarding Newtonian cosmology can be stated quite
simply. Einstein discovered the problem independently, but it has a long history
stretching back to shortly after the publication of Newton’s Principia, and Hugo
von Seeliger had recently given a systematic exposition of the problem (Seeliger,
1895).17 Einstein gave a characteristically straightforward formulation of the prob-
lem in a popular work (Einstein, 1917a, 71-72): the number of lines of gravitational
force passing through a sphere around a point mass O enclosing a uniform matter
distribution is given by poV', where py is the mass density and V' the volume of the
sphere. The force per unit area is then proportional to pgR, where R is the radius
of the sphere. As R — oo, the force also diverges—a result Einstein called “im-
possible.” Although Einstein did not elaborate further, the failure of convergence
can be elucidated more clearly by considering cases such as that illustrated in Fig.
1 (following Norton, 1999). The gravitational force on O at the origin is given
by the sum of forces due to hemispherical shells of thickness d surrounding O.
Since the increase of mass (o< r?) cancels the decrease in gravitational force with
distance (oc 772), the force due to each shell is the same—it is given by F' = Gpnd,
where GG is Newton’s gravitational constant and p is the mass density. The total
gravitational force is then given by an infinite sum of equal terms with opposite
signs, and this sum fails to converge.

Einstein carried the argument one step further by applying statistical physics.
The divergence described above can be avoided if the mass density falls off outside
a central “island” of matter. To see this, consider the gravtational potential ¢, a
solution to Poisson’s field equation for gravitation:

(1) Vi = 4rGp,

where V? = §%/0x* + 0%/0y? + 0?/02%, ¢ is the gravitational potential, and p is
the mass density. If the mass density function is well-behaved, then the potential
is given by:

) o) = [ ¢av.

This integral converges if p(r) falls off faster than 1/r? as the distance r from the
central concentration increases. However, Einstein argued that this alternative is
not viable since an “island of matter” is not stable. The stars composing the island
can be treated like the molecules of an ideal gas. The island would “evaporate”
as individual stars acquired enough kinetic energy to escape the gravitational at-
traction of the other stars, just as water molecules evaporate into the air. If the
potential ¢ converged to a small, finite value at infinity, at thermal equilibrium



8 CHRIS SMEENK

FIGURE 1. The total gravititional force on the point mass O is given
by the sum of forces due to each hemispherical shell. Each half-shell
contributes a force of equal magnitude, F' = Gpnd, and the sum does not
converge.

the ratio between mass at the center and mass at infinity must take a finite value.
Einstein concluded that requiring the mass distribution to vanish at infinity im-
plied that it also vanished at the center, ruling out an “island” of concentrated
matter.

Seeliger and his contemporaries had considered several ways to avoid the dilemma,
from denying the universality of gravitation to ruling out an infinite, uniform mat-
ter distribution by fiat. Einstein and Seeliger both advocated a modification of
Newton’s inverse square law, effected in Einstein’s case by simply adding a term
to eqn. (1):'8

(3) V26 — Ap = 47Gp.
The modified field equations admit a uniform field as a solution for a constant
mass density po,

47

(4) ¢=— A Gpo.

However, Einstein and Seeliger did not have the same attitude towards a solution
of the dilemma along these lines. Seeliger took the proposal seriously enough
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to suggest that astronomical measurements could constrain his modification of
Newton’s law. Einstein, on the other hand, commented that his solution “does
not in itself claim to be taken seriously; it merely serves as a foil for what is to
follow” (Einstein, 1917b, 543). Einstein was not primarily concerned with resolving
the paradoxes of Newtonian cosmological theory, but the addition of a constant to
Poisson’s equation paves the way for the introduction of the infamous cosmological
constant a few pages later.

Einstein’s presentation of the dilemma facing Newtonian cosmology is at first
compelling, but on closer examination the argument falls apart due to two signif-
icant oversights. First, a way between the horns of the dilemma had already been
found. A decade before Einstein’s paper, the Swedish astronomer Carl Charlier
had explicitly constructed a “hierarchic cosmos,” inspired by the speculations of
Fournier D’Albe, that neatly avoided both problems discussed above (Charlier,
1908). The crucial trick was to produce a mass distribution which both avoided
the divergences and lacked a preferred center. Charlier’s model had a fractal
structure: stars are grouped into spherical galaxies, galaxies into spherical meta-
galaxies, and so on (see Fig. 2). Charlier derived constraints on how densely the
systems at one level could be “packed” into a system of the next level up without
producing divergences. He showed that it was possible to build up a uniform cos-
mos in this way with an infinity of total mass, an average mass density of zero,
and a convergent gravitational potential.'® Newtonian gravitational theory could
be consistently applied to such a hierarchic universe without leading to either of
Einstein’s problems.

Second, and more significantly, several later cosmologists have argued that the
apparent inconsistency only reveals a shortcoming of a particular formulation of
Newtonian cosmology. Some took Einstein’s argument to establish only the incom-
patiblity of Newtonian cosmology with a static distribution of matter (see, e.g.,
Heckmann, 1942, 14). The “Neo-Newtonian” cosmological models developed in the
30s described a matter distribution that changed over time, and thus they seem-
ingly avoided the inconsistency.?® Geometric formulations of Newtonian theory,
first introduced in the 20s, support the stronger claim that the apparent inconsis-
tency can be avoided even for a uniform, static matter distribution.?* There is a
class of solutions to eqn. (1) for a uniform matter distribution with the following
form,

2

9 8(x) = S7Gplr — xof?,

with distinct solutions corresponding to different choices of an arbitrary point ry.%?

The force F acting on a test particle with unit mass is then given by the gradient
of the potential:

(6) F=-Vo¢= —%ﬂ'Gp(I‘ — 1),
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FIGURE 2. Charlier’s hierarchical universe has a fractal-like structure,
and it avoids divergences without introducing a preferred central region.

which represents a spherically symmetric field of force directed at the “center
point” ry, where the force vanishes. The original problem resurfaces, in that a
completely uniform matter distribution mysteriously leads to a nonuniform force
field with an arbitrary preferred central point at ro. However, these peculiar prop-
erties of the solutions have no directly observable consequences. The geometric
formulation modifies Newtonian theory to incorporate what Norton (1995) aptly
called the “relativity of acceleration”: the choice of how to decompose a given free-
fall trajectory into inertial motion and gravitational deflection is conventional. The
indeterminacy noted by Einstein is just a consequence of this feature, since there
appears to be a physical difference between different choices of the decomposition.
In the geometrical formulation the choice of a particular decomposition has as
little significance as the choice of a rest frame within special relativity.

Einstein’s response to the unravelling of his dilemma for Newtonian cosmology
illustrates its relatively minor role in his thinking. Franz Selety (1922) spelled out
how Charlier’s hierarchic model avoided the dilemma in painstaking detail. In
his brief response, Einstein (1922) conceded the point before reiterating the line
of reasoning leading to his own cosmological model, giving Mach’s principle the
leading role.??

3.2. Mach’s Principle. Einstein turned to cosmology after conversations with
De Sitter in the fall of 1916 convinced him that an idea that had played a crucial
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role in his discovery of general relativity was at stake. “Mach’s principle” (as
Einstein later dubbed it) is difficult to formulate precisely, but Einstein hoped to
capture Mach’s idea that inertia derives from the distribution of matter rather
than space itself. Einstein also called this the “relativity of inertia,” which he put
as follows: “In a consistent theory of relativity, there can be no inertia relative to
‘space,” but only an inertia of masses relative to one another” (Einstein, 1917b, 145,
original emphasis).?? The discussions and correspondence with De Sitter forced
Einstein to consider the status of this principle more carefully, and he struggled
to give it a sharper formulation and to insure that it held in his new gravitational
theory.?> Einstein’s famous cosmological model, and the infamous cosmological
constant, were both by-products of this effort.

One threat to Mach’s principle came from the need to stipulate boundary
conditions in order to solve the gravitational field equations.?® For example,
Schwarzschild derived his expression for the gravitational field of a single body
such as the sun by requiring (among other things) that the solution resembles
Minkowski space-time, the flat space-time of special relativity, at infinity. This
boundary condition captures the natural requirement that at great distances from
the source the gravitational field should approach the “empty space” solution to
the field equations. There is nothing unusual about imposing boundary conditions
in order to find a solution to a set of field equations. But for Einstein introducing
boundary conditions meant allowing a vestige of absolute motion to creep back
into the theory. The inertia of a particle far from the sun in Schwarzschild’s solu-
tion would be fixed by the space-time structure imposed at infinity as a boundary
condition rather than just its relation with other matter. For Einstein this was con-
trary to the spirit, if not the letter, of his theory. The structure at infinity could be
used to distinguish states of motion absolutely, without reference to other matter.
On Einstein’s view, there should be no such structures attributed to space itself
in his new theory. Vacuum solutions clearly violated this requirement, because
they possess structure that cannot be due to matter. But boundary conditions
also violated this requirement by introducing spatial structure “at infinity” that
is independent of the matter distribution.?”

Einstein proposed two ways to banish this last remnant of “absolute space” in
letters to De Sitter from 1916 and 1917. His first proposal was to stipulate that at
infinity the metric field takes on “degenerate values” (all components equal to 0
or 0o) rather than approaching a flat, Minkowski metric. Einstein (1917b) argued
that the degenerate boundary values follow from requiring that the inertia of a
body drops to zero as it approaches infinity. This was intended to capture the idea
that there would be no “inertia” relative to space itself.?® A fundamental problem
with this proposal is the difficulty with specifying the nature of a solution “at
infinity” in a manner that does not depend on the choice of coordinates. A more
obvious problem led Einstein to abandon this line of thought fairly quickly. A flat
Minkowski metric appeared to be compatible with stellar motions on the largest
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scale yet observed. Einstein’s proposal required postulating “distant masses” that
would somehow reconcile degenerate values of the metric field “at infinity” with
these observations. De Sitter did not share Einstein’s Machian intuitions, and the
lack of a Machian explanation of inertia did not bother him as much as this ad
hoc introduction of such unobserved distant masses (CPAE 8, Doc. 272). Einstein
soon dropped this first proposal in favor of a more radical way of handling the
problem of boundary conditions.

Einstein’s ingenious suggestion was to do away with the problem of boundary
conditions by getting rid of boundaries entirely. He introduced a cosmological
model built up from spatial sections that describe the universe at a given cosmic
time. These spatial sections are three-dimensional analogs of a two-dimensional
sphere such as the Earth’s surface. Like the Earth’s surface, each spatial section
is finite yet unbounded, leaving no place to assign boundary conditions. This
cosmological model satisfied two strong idealizations. First, the model describes
a simple uniform mass distribution without the lumps and bumps observed by
astronomers.? Second, Einstein argued that the model should be static, which
means that the properties of the model do not vary with time; each spatial section
“looks like” any other.3® This second requirement was justified with an appeal to
astronomical observations. Since the observed relative velocities of the stars are
much smaller than the speed of light, Einstein argued that there is a coordinate
system such that all the stars are permanently at rest (at least approximately).
This is a weak justification for such a crucial assumption. As De Sitter promptly
objected in correspondence, “we cannot and must not conclude from the fact that
we do not see any large changes on this photograph [our observational “snapshot”
of stellar distributions] that everything will always remain as at that instant when
the picture was taken” (CPAE 8, Doc. 321, original emphasis).?! With the benefit
of hindsight it is easy to fault Einstein for so quickly ruling out solutions that
change over time on such weak grounds. Yet many of his contemporaries followed
his lead in limiting consideration to static models. Even De Sitter, despite recog-
nizing the weakness of Einstein’s argument, nonetheless failed to study dynamical
models until 1930. In any case, Einstein was not primarily interested in a de-
tailed comparison between his cosmological model and observations. He frankly
explained his motives in introducing the model in a letter to De Sitter: he called it
“nothing but a spacious castle in the air,” built to see whether his Machian ideas
could be consistently implemented (CPAE 8, Doc. 311).

The castle in the air came at a price. Einstein was forced to modify the field
equations of general relativity in order to admit this cosmological model as a
solution. All that was required was the straightforward addition of a cosmologi-
cal constant term, A, a modification Einstein had foreshadowed with the similar

change to Poisson’s equation discussed above:3?

1
(7> R,ul/ - Ag,uu = =R <T,u1/ - §g,uuT> .
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This equation specifies the relationship between the space-time geometry (the left
hand side) and the distribution of matter and energy (the right hand side).33
Einstein showed that if these modified field equations are to hold in his model,
the cosmological constant A is fixed by the mean density of matter p, namely
A = kp/2. The value of A is also related to the radius of the spatial sections R by
the equation A = 1/R?. Combining the two equations made it possible to estimate
the “size of the universe” based on the mean density of matter.

The addition of the cosmological constant is a fairly natural generalization of
the original field equations, and it satisifies the formal and physical constraints
that Einstein had used in deriving the original equations.** Physically, a positive A
term represents a “repulsive force” that counteracts the attraction of gravitation.®
Observations available to Einstein could have been used to show that A must be
incredibly close to zero, since even a slight deviation from zero affects the general
relativistic predictions for motions within the solar system. (De Sitter argued that
A was certainly less than 107%%cm™~2 and probably less than 107*°cm =2 (CPAE 8,
Doc. 327), and later calculations such as those reported in Tolman (1934) gave
even tighter constraints.) However, even a very small nonzero value of A changes
the space of solutions to the field equations. Einstein’s static universe is a solution
of the modified field equations, and a non-zero A term also rules out solutions of
the original field equations such as Minkowski space-time, a welcome result for
Einstein.3¢

Einstein did not have long to rest easy with the modified field equations and
his ingenious way of saving Mach’s principle. The introduction of A was not
actually necessary for Einstein’s way of eliminating boundary conditions to work;
it was only necessary given the additional assumption that the model must be
static. Einstein (1917b) concluded with a remark suggesting that it might be
possible to construct time-varying models with closed spatial sections without
the A term.>” Such models would do away with the need to specify boundary
conditions without A, undermining the rationale for its introduction. But Einstein
must have been surprised to discover that the introduction of A was also not
sufficient to guarantee that Mach’s principle holds in general relativity. After
learning of Einstein’s solution, De Sitter promptly produced a second solution to
the modified field equations. Since it was a vacuum solution (with non-zero A)
it apparently violated Mach’s principle. As we will see in the next section, until
1930 much of the literature in relativistic cosmology focused on understanding the
properties of these two models.

4. COSMOLOGICAL MODELS: A VERSUS B

Einstein and De Sitter’s published papers brought their debate to the wider scien-
tific community. Eddington had invited De Sitter to provide a précis of Einstein’s
new gravitational theory in the Monthly Notices, and De Sitter responded with
a series of three clear articles that introduced Einstein’s theory—along with De
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Sitter’s own cosmological model—to the English-speaking world. By the mid 20s
a handful of mathematical physicists had begun to study the properties of the
Einstein and De Sitter solutions. Part of this literature focused on the question of
whether the De Sitter solution could be dismissed on the grounds that it included a
“singularity,” with a debate regarding both the content of that charge and whether
it applied. This topic was part of the broader debate regarding what properties
a cosmological model should have to qualify as physically reasonable. The major
conceptual innovation introduced by Einstein was the very possibility of a math-
ematical description of the universe as a whole, but it was not immediately clear
what observational and physical content these abstract models possessed. With
the benefit of hindsight, this early exploration of cosmological models was limited
by illicit assumptions regarding what counts as physically reasonable. In particu-
lar, it was over a decade before the community overcame Einstein’s insistence on
static models. Several theorists followed De Sitter’s lead in seeking out a stronger
connection between cosmological models and astronomical observations. With his
strong empiricist bent, De Sitter actively explored the connection between his
model and observations, suggesting in particular an explanation of the redshift in
the spectral lines of the spiral nebulae. This point of contact became far more
important on the heels of Hubble’s observational results published in 1929.

In the course of these explorations of cosmological models, this first genera-
tion of relativists encountered a number of the most striking novelties introduced
by Einstein’s theory of gravitation. To determine a particular solution’s physical
properties, and to find out whether it harbored any singularities, relativists had
to differentiate artificial features due to the coordinates being used from genuine
features of the space-time. This was no simple matter, given that they lacked
the mathematical tools developed later for isolating the intrinsic features of a
space-time. In addition, as Eisenstaedt (1989) has emphasized, in cosmology the-
orists faced a variety of situations far removed from familiar problems studied in
Newtonian theory. (In fact, Newtonian cosmology and Newtonian analogs of the
expanding universe models were studied systematically several years later, based
on insights from general relativity.)

4.1. The Many Faces of Model B. De Sitter derived his solution as a variation
on Einstein’s theme: rather than taking only the spatial sections to be closed
spheres, de Sitter treated the entire space-time manifold as a closed space.®® In
his letter to Einstein introducing the solution (CPAE 8, Doc. 313) as well as his
publications (de Sitter, 1917a,c), De Sitter laid out the two solutions side by side—
labeling Einstein’s model “A” and his own model “B” in the published papers—to
emphasize their similarities. However, B differed from A in several crucial respects.
Perhaps most importantly, De Sitter’s solution proved to be much harder to grasp,
leaving most theorists to rely too heavily on particular coordinate representations;
Eddington (1923) characterized Einstein’s solution as “commonplace” compared
to the complex geometry of De Sitter’s solution.®® De Sitter’s solution was a
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vacuum solution of the modified field equations, with A = 3/R? and p = 0.
Unlike Einstein’s solution, the cosmological constant is not related to the matter
density. For De Sitter this counted as an advantage of his solution, since he took
Einstein’s model to include “world matter” (responsible for producing the A term)
in addition to ordinary matter. However, Einstein insisted that the uniform matter
distribution in his own model was merely an approximation to ordinary matter.
A more realistic model would be inhomogeneous but still static, and such a model
would be to the cylinder universe as “the surface of a potato to the surface of
a sphere” (CPAE 8, Doc. 356). De Sitter’s attitude towards his own solution
was at first fairly skeptical, and he professed a preference for model C', his label
for flat Minkowski space-time, over both A and B, since model C' was a solution
of the original field equations without A. This initial skepticism eventually faded
somewhat, and De Sitter took his model seriously enough to study its observational
consequences, as we will see below.

The De Sitter solution appeared in a variety of guises over the following decade,
as Einstein, De Sitter, and others used different coordinates to study its proper-
ties.®? In retrospect it is easy to fault these discussions for failing to disentangle
properties of the De Sitter solution from properties that reflect a particular co-
ordinate representation of it. The participants in the debates were aware of the
need to focus on invariant quantities that do