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1. A Curious Science

The topic of this essay concerns the role of speculation in the development of
scientific theory, with a particular focus on the history of modern cosmology. Insofar as
the argument concerns general science methodology, the attention given to the
development of cosmology comes as a thorough case study of a field particularly known
for its speculative claims. I will argue in this chapter that, due to certain characteristics of
the field, cosmology merits particular treatment within the philosophy of science. The
scope of cosmology renders it an excellent conceptual playground to witness how
speculation contributes to theory development, often driving the field. It seems that, at
least in fields underconstrained by data, theoretical work performs an analogous role to
experimental observation, which is to say that speculation can rightfully be described as
conferring support for a scientific theory. Furthermore, the support it provides to theories
is distinct from traditional notions of evidence.

While the arguments made in this essay concern the role of speculation broadly in
science methodology, focusing on the development of cosmology gives many examples
of the potential success of speculations, motivating an investigation into the nature of
speculative claims. As the title of this introductory chapter suggests, this essay focuses
exclusively on the efforts and progress of scientific cosmology, and any similarities borne
by theological or literary cosmologies are incidental. Insofar as each of these
cosmological traditions may thrive on speculations, the former is at the very least
characterized by mathematics, and it is challenged, as remains to be seen, to use emergent
data so as to reduce the number of speculative claim, rather than increase their number.

From another perspective, the former is cultivated by a subset of physicists, which earns
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it a sociological distinction among the sciences. I follow the tradition that calls the field
“scientific cosmology”, but the other popular phrase is “physical cosmology”. For several
reasons that will become clear in this chapter, the use of “physical”, I feel, misleads
more than it clarifies.

Before I begin, I wish to make a personal note in regards to the content of this
essay. The project that eventually resulted in these pages was kindled by a certain
incredulity toward the field of cosmology. I knew the field for some of its more exotic
claims, and the spectacular reach of those claims amazed me. And perhaps for the same
reason, they also made me dubious, suspicious that such far-reaching claims could
nonetheless constitute science, in the same way that one might characterize the acidity of
a chemical solution or the fracture point of a crystal. Because I trust, at first pass, that the
community of cosmologists earnestly pursues scientific theories, I funneled my
suspicions not toward the legitimacy of their theories as constituting scientific work, but
toward my conception of science generally. I wanted to identify a characterization of
science that readily explains how cosmological theory can develop so successfully
alongside the other sciences.

Upon examination, it occurred to me that the largest conceptual discrepancy
between cosmology and other scientific disciplines is the availability of useable data.
Cosmologists seem adept at pushing theory forward and refining descriptions of the
universe, even while they lack any particular new data to drive that progress. For this
reason, [ began exploring the question of how theorists come up with their theories, in
light of their research environments, regardless of whether those environments are data-

plenty or data-weak. I had hoped to develop a plausible justification for treating

I-4



speculation and theory development seriously, independent of data-driven expectations
that further refine the process. In that mindset, this essay was born.

The role of the introductory chapter is twofold. First, I intend to provide an
operational definition of “scientific cosmology”, at least according to some
uncontroversial remarks about what a complete theory of cosmology might look like.
This goal is merely prudent housekeeping, in anticipation of the history of the field
presented in the second chapter. The more critical purpose of this chapter, therefore, is to
introduce a long-form metaphor of science as a dynamic, evolving network of conceptual
artifacts, which is self-similar at many scales. These interconnected networks of science,
which I have labeled “networks of dependencies,” emphasize a theory-first approach to
science: evidential relationships connect conceptual objects that stand in for scientific
theories. The advantage of a theory-first picture of science will be that it provides us a
vocabulary by which we are able to track speculative developments in underdetermined
research areas. In these situations, traditional accounts of evidence-mediated theory
selection cannot possibly capture all of the successes in theory development.

Cosmologists, philosophers, and historians of science alike should be quite
familiar with this underdetermined class of situations. Following chapter 1, chapter 2 is
dedicated to the development of contemporary cosmology, tracing briefly the major
historical theories and the transitions between them. The chapter is technical to a degree,
but no particular background in physics is expected of the reader. A significant portion of
chapter 2 focuses on the early developments of inflationary cosmology, which reoriented
the past several decades of early-universe cosmology research, and has since resulted in a

wide class of inflationary theories. Announcements in the past year concerning the
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BICEP?2 telescope at the South Pole have generated much excitement and controversy
over the evidential status of inflationary theories.

The purported discovery by the BICEP2 Collaboration came in the middle of my
research toward this paper, and its theoretical implications and ensuing controversy in the
community rekindle many of the concerns and questions that motivate my arguments.
These are stirring times, indeed. Given the present popular excitement with cosmology,
as well as the public interest in contemporary breakthrough science, it is a sad fact that
students of the various sciences are considerably underexposed to the historical
developments that have culminated in the contemporary theories they are taught. In the
case of cosmology, a critical eye toward past theoretical developments reveals certain
methodological trends that transcend any individual treatments of data and mathematics.
A primary goal of chapter 2 is to reveal those trends in the midst of historical exposition.

The final chapter, chapter 3, is intended to engage philosophers on two levels. In
one sense, | want to impress on philosophers that cosmology is a field worthy of
particular consideration because of its historical successes, despite the field’s difficulties
in accessing new data. Conjoined with this goal, more generally I hope to motivate
philosophers interested in questions of science methodology to take more seriously the
role of speculation in scientific theory development. At the start of the chapter, I pose a
question concerning how a theorist speculates on new theory and comes to believe it is
worth publicizing. The bulk of chapter of 3 is spent developing and critiquing four
responses to the question. I conclude the chapter (and the essay as a whole) with a brief

argument in light of the four responses and in the context of the history of cosmology as a
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case study that speculation must function analogously to evidence, even though it lacks

any obvious constraints from data.

Networks And (Scientific) Objects: A New Conceptualization Of Scientific Theory

At least one popularized theory of scientific cosmology predates modern
conceptions of science, so it is necessary to draw on a more formalized thesis of science
than that provided by the conventional characterization of the subject. Since I hope to
avoid a prolonged discussion about the problem of demarcation, for now I adopt
uncritically one broad definition of science provided by Bas van Fraassen: “Science is a
representation of nature, in mathematical form.... [Whose progress] at times involves
precisely the rejection of previously proclaimed criteria [of success or completeness].”
(van Fraassen 2004) This definition is fine, though I anticipate some concerns with its
emphasis on mathematical representation, which appears (on the surface) to exclude other
forms of scientific analyses (e.g. Darwin’s tree of life thesis from On the Origin of
Species). To ease any such concern, I suggest one modification to van Fraasen’s
language: “Science is a representation of nature, based on patterns.... [Whose progress|]
at times involves precisely... (etc.).”

Of course, within this broad account of science, various fields of research exist
whose particulars require that the field as a whole adopt additional considerations that
cannot universalize. For example, in most cases, cosmology concerns a single system (the
universe), which happens to be unique. In some ways, this renders cosmology similar to
various topics in history and anthropology, where it is unclear by what standards a
researcher may compare states of events across historical or cultural cases. To treat the

universe both scientifically and as a single system, without the capacity for fixing any
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range of experimental (or observational) parameters, cosmologists must act according to
certain global criteria. While I have failed to locate any single established prescription for
cosmological theorizing, I am comfortable outlining three principles as approximations of
such a criteria. I only hope that the reader interprets these principles charitably, and that
they provide an indication as to what should constitute the dream of a complete theory of

cosmology:

Principle of Inclusivity:

A complete theory of cosmology must include, at minimum, all epistemically available or
approachable features of the universe.

Principle of Minimal Coincidence:

By extension, a scientific theory of cosmology must seek to minimize “coincidental
properties” of the universe in favor of general principles relating global features of the
universe to the generation and evolution of particulars.

Principle of Local to Global:

A scientific theory of cosmology requires speculative postulates that generically apply
the behavior of local systems to anywhere in the global system (the universe), extending
similar postulates needed in other sciences.

The history of scientific cosmology is laden with shifting priorities and philosophical
commitments, and its dynamism has historically called into question the very scope of the
field and the extent to which it can provide answers. These three criteria should help
constrain the implicit claims made in chapter 2 concerning which historical developments
merit description in the presentation of the history of cosmology.

At its most fundamental, cosmology is a historical science, whose value is found
ostensibly in its explanatory power, rather than its predictive capabilities. The end game
of cosmology, therefore, is to articulate a scientific explanation of the universe as a
single, evolving system. While the nature of evidence for cosmological theories is typical

of historical sciences, spanning an exhaustive list of natural observations and theory-
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mediated explanations of past events, cosmological theories should also include
predictive mechanisms for the dynamic evolution of the universe from prior global states
and toward future states. Furthermore, as chapter 2 will explore, cosmological theories
also operate as evidence-garnering tools for theories of non-historical, predictive physics.
Particularly in the fields of astrophysics and foundational physics, theories should
incorporate cosmological evidence, providing that the underlying cosmological theories
are well developed.

This is all that I will say explicitly about cosmology until chapter 2. For now, I
would like to dedicate the remainder of chapter 1 building on the loose characterization
of science provided earlier, so as to set the foundations of much of the conversation in
chapter 3. First, science should be understood as an epistemic authority. Independent of
metaphysical considerations, science tends toward maximum efficacy in mapping
observational data to theoretical models. Effective models isolate those properties within
a system that, when treated as variable, alter the system in regular ways. While scientific
theory may not constitute sufficient grounds for knowledge in every epistemic account, it
is nonetheless a truth-seeking enterprise. Given a set of observations, a scientific model
generalizes relationships to strongly imply other observations, and our reliance on the
theory to generate predictions corresponds to our trust in beliefs derived from it. In
another sense, the development of scientific models justifies the degree of truthlikeness
of any arbitrary observational prediction or explanation. The arguments sketched here do
not differentiate, in principle, between predictions of events we are able to measure and
events that extend beyond our scientific reach. For example, the global principles of

cosmology imply at the onset that theories of cosmology will include the capacity to
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make predictions (and therefore, to draw inferences) about propositional claims that
cannot be directly verified, even with idealized, perfect instrumentation. To lend support
to such claims, certain research projects focus entirely on developing theory to extend
those claims, in the hopes that further work will reveal indirect mechanisms by which we
can garner evidence in support of the claims.

Here, I believe it helpful to introduce the term scientific object as any event,
space, or relationship X, about which claims are made on the basis of a scientific theory.
This definition is almost hilariously broad; I intend scientific objects to be understood in
a largely metaphorical sense, consistent with the everyday language we use to describe
scientific theories (e.g. “radiation pressure”) and the inferential claims that fall out of
those theories (e.g. “in the particle model of light, the radiation pressure corresponds to
the total change of momentum of a system of photons incident on a surface”).
Nonetheless, I believe it is helpful to see how far we can stretch the application of the
metaphor. The degree to which we have reason to make existence claims about X
corresponds to our degree of belief in the theory. Some philosophers might pause over
this definition because it depends on an unjustified scientific realism. I implore these
critics to understand “scientific object” in more flexible terms. Quine incorporates a
similar idea in his treatment of bound variables that apply in formalized scientific
theories, whose “meaningfulness, at least in context, is not to be challenged”, regardless
of metaphysical stance. (Quine 1948)

Additionally, scientific objects emerge out of theories regardless of whether they
do any immediate explanatory work. In other words, the presence of a scientific object

extending a theory does not depend on its functionality. Suppose that a theorist (how

I-10



about James Clerk Maxwell) happens to speculate in the 1870s about a particle model of
radiation, and comes to the realization that the model is not obviously at odds (as an
idealization) with much of the evidence in favor of the classical model of radiation
pressure. In such a case, the scientific object corresponding to the particle model of light
could be said to exist, even though it would do little for the classical model of radiation.
Nonetheless, the mere fact that it relates to evidence concerning the classical model of
radiation suggests that the new scientific object bears relevance to the greater sum of
research concerning electromagnetic theory.

Well-developed theories therefore involve multiple scientific objects, whose roles
in a given theory are interwoven in such a way that data can come to serve as evidence
for the theory. In this distributive sense, one might be tempted to substitute “theories” for
the “research programmes” introduced by Lakatos, in which the collective set of
conceptual and mathematical tools available to the theorists does not simply reduce to a
hegemonic theory. (Lakatos 1980) Unfortunately, Lakatos’s framework only applies on a
grander scale, where auxiliary hypotheses insignificantly alter the large core of theory
within the research programme. While there is due merit (and criticism) to Lakatos’s
strategy, I prefer a view of science that scales up directly from the set of scientific objects
that theorists build and modify. To approach such a view, concepts and terminology from
graph theory will be indispensible. With them, I will be able to articulate a conceptual
framework for the structure of science in its entirety, which emerges out of the evidential
relationships borne between scientific objects. The model begins with the premise that all

scientific objects comprise network vertices, or nodes.
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Data nearly always come to us by way of scientific instrumentation, which means
that evidence for particular theories (in the usual, data-driven sense) requires preliminary
theory to interpret the data. Even when data comes via direct perception of an event,
statistical theory (as well as crude assumptions about the reliability of signals delivered
via direct perceptual channels) is needed to draw evidential conclusions. This is, in one
sense, what philosophers of science mean when they insist that observations are theory-
laden. When scientists discuss evidence for a given theory, they are therefore also
implicating a host of other theories. So to the extent that a new set of data is rendered as
evidence in favor of a particular theory, that evidence also depends on (and reinforces)
other preliminary theories involved.

This evidence-mediated relationship between different theories is an excellent
candidate for bidirectional relationships between scientific objects, thus allowing us to
finalize the network metaphor for science. When data implicate two scientific objects so
as to become evidence, an edge is drawn between the corresponding nodes. At this point,
the two scientific objects comprise a 2-vertex clique. Similarly, when theory A
(colloquially understood) includes scientific object X and is well established otherwise,
and theory B includes X, the two theories can be said to converge on X, representing a
weak unification between the two theories. Unification, in this context, refers to the
applicability of evidence for A to our belief in B, and vice versa.' Notably, this process
occurs independently of whether X has additional use in either theory. Recall the example
earlier concerning radiation pressure and the photon model. Though the timeline in the

example (the 1870s) was fictional, such a development did effectively occur in the next

! Physicists use “unification” in a very different (though ultimately related) sense. Unifying field theories,
for example, involves developing a mathematical architecture whereby different fields become
indistinguishable given suitable conditions.
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half-century. Let theory A be Maxwell’s electromagnetism, and B be the photon gas
model of light developed by Satyendra Nath Bose and Albert Einstein. Both theories
converged on the relationship between radiation and momentum, a scientific object that
was supported by evidence from both classical electromagnetism and early work in the
development of quantum theory.

When two theories converge on enough distinct scientific objects, the
interconnectedness of the two theories is so pronounced that at some uncontroversial
point both theories (colloquially understood) are subsumed into one. When theories
merge in this way, the convergent scientific objects become central elements of the
theory. Straightforward examples of scientific objects that are deeply entrenched in
various present-day theories include spacetime, molecules, temperature, and the universe,
where italics are used to distinguish the conceptual objects from any particular realist
conclusions about facts in the world (e.g. temperature is related to our model of
molecules, while the measured temperature of a box is due to the movements of
molecules within it). Roughly, scientific theories (or, for that matter, research
programmes) correspond to detailed graphs of scientific objects and the edges drawn
between them. I have chosen to call these graphs “networks of dependencies” formally,”

and “networks of science” colloquially.

21 owe the phrase “network of dependencies” to George Smith, who only meant it in a colloquial sense. In
discussion about my formalization of networks of dependencies, Smith directed me to James Woodward’s
networks of causal dependencies, which was Smith’s inspiration for such a term. Since there is an overlap
in vocabulary, I should first articulate Woodward’s proposal to avoid confusion. In Making Things Happen,
Woodward develops directed networks relating manipulable variables. (Woodward, 2005) Like my
networks of dependencies, Woodward relies on the structures of graphs, in his case to represent whether
variables possess a causal relationship. The relationships between variables can vary in strength, according
to the probability spectrums of the likelihood of effecting change. Importantly, Woodward’s networks
relate type-level physical features and provide a mechanism to extract token causal claims from the arrows,
which is a very different argument than I will make here, where all edges are bidirectional, and all
interconnected scientific objects are co-dependent.
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To summarize (in technical vocabulary), a network of dependencies takes on the
mathematical structure of a graph, such that the edges of the graph correspond to
bidirectional relationships between the graph’s vertices (nodes). The vertices in a network
of dependencies correspond to scientific objects. An edge, therefore, represents how two
scientific objects are co-dependent, whether by data-driven evidence, or by more analytic
entailment. Naturally, if the entirety of modern science were graphed accordingly, the
distribution of vertices and edges would be largely inhomogeneous; clusters of scientific
objects would appear at every scale. Roughly, those clusters correspond to traditional
interpretations of theories, or (more readily) Lakatos’s research programmes. Within
those clusters, certain vertices will form cliques: subgraphs in which every combination
of two vertices features an edge.’ These maximally connected cliques resemble the “hard
cores” of Lakatos’s research programmes, or the steadfast elements of a classical theory.
Nonetheless, one advantage of the network metaphor is that this mechanism is not limited
to only large-scale analyses of scientific fields. These cliques and surrounding clusters
apply to all subgraphs in the network of dependencies, scaling from individual theoretical
development up to contemporary science, generally.

There is much that can be done with the network metaphor, including some
interesting mathematical conclusions that seem congruent with conventional attitudes
about science. In the interest of saving space, [ will focus on two aspects of scientific
theory development that directly pertain to the claims made in chapter 3, as they are
captured in the network terminology. First, I want to discuss the addition of new nodes

into the network of dependencies, and how those additions subsequently affect the

* A clique is an undirected graph that is a subset of a graph G, such that for every two vertices there is an
edge connecting them. An edge connecting two vertices is a “2-vertex clique”; more complex cliques can
have multiple edges converging on each node.
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network. Following that exploration, I will discuss the difference between subgraphs of
well-evidenced scientific objects and subgraphs where there is a dearth of evidence.
Consider how the introduction of novel theory would affect a given network of
dependencies. New scientific objects immediately join the graph as isolated nodes. Since
(at least at first) these objects do not interact with any evidence, they have low (or zero)
impact on the overall network. If those new scientific objects interplay with pre-existing
scientific objects in such a way that they garner evidence, new edges are formed between
the relevant vertices, at which point the new scientific object has altered the overall
structure of the network. Imagine a new scientific object X and a subgraph in the network
of dependencies corresponding to some related classical theory T. When evidence merits
an edge between X and some nodes in T, the degree of evidence generally supporting T
becomes support for the new network (T including X), which is now stronger than T on
the basis of X.* I have slipped in a new concept here that should not be overlooked:
strength of a network (or subgraph). The strength of a network is a measure of its degree
of interconnectedness, joined with a statistical measure of the average distance between
two vertices sharing an edge. The distance of an edge between two scientific objects is a
function of the amount of evidence joining the two, which can be well defined in

principle (for example, by setting some probabilistic measure and some metric distance

* This feedback mechanism is easily visible in Bayesian epistemologies governed by an equation of the

form:
Pinitial (Evidence | Theory)XPjpitial (Theory)

Prinal (Theory) = Piyitia1 (Theory | Evidence) =

Pinitial (Evidence)

The prior probability in the new theory gets compounded with the prior probability of the evidence given
that theory. The prior likelihood that the evidence would occur independent of the new theory is factored
out of the ultimate likelihood of the theory via the denominator. In the network formalism, we can say that
given new evidence, our enthusiasm about the corresponding theoretical development corresponds to how
well the initial likelihood of the theory is, based on the pre-existing network of dependencies, as well as
how unlikely the evidence is to be represented in the pre-existing network without the addition of the new
theory. The network formalism applies in broader terms than Bayesian confirmation theory, but this is a
fairly intuitive application of its consequences in a well-understood, established infrastructure of inference.
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as convention). Obviously, edges borne between scientific objects on the basis of
bidirectional mathematical entailment cannot factor into an assessment of a network’s
strength, because the distance function in such cases is ill defined.

Let us continue the example of theory T and scientific object X. In this example,
X has proven a very successful development in T, in the sense that multiple experiments
have been conducted that each uniquely constrain a system so that for each experiment,
evidential relations can be drawn between X and a unique scientific object in T. As X
forms edges with an increasing number of nodes in T, X becomes more centralized. In
graph theory, centrality refers to one of many measures of the relative importance of
certain vertices in a network. A more detailed extension of the “network dependencies”
metaphor would find use for any number of these measures, but for now, centrality refers
to some variant of Katz centrality.” Progress within a particular research program, in
other words, involves centralizing its various scientific objects relative to the surrounding
scientific objects. Inherently, this activity appears very different at different scales. Local
subgraphs will change the most radically, but the overall structure of the entire network
must also shift accordingly. The largest network of dependencies updates dynamically,
tracking the widespread evolution of theory in science across disciplines.

Since centrality in the network measures the extent to which a given scientific
object or subgraph is a major component of a larger network, a scientific object becomes
more entrenched when new data facilitates strengthened relationships between it and
other nearby scientific objects. This is accomplished most obviously when researchers

develop new experimental or observational techniques, such as the invention of a new

> Katz centrality is a relative measure based on the number of nodes that can be connected through a path to
a given node, where distant nodes do not factor as strongly as nearby nodes. This is a more generalized
measure of degree centrality, which is simply based on the number of edges incident on a given node.
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optical instrument to spatially resolve distant stars, or a new probe for weakly interacting
particles. These sorts of developments clearly enable researchers to locate new and
unique datasets, often times relating scientific objects that have not been related before.
Successful theory development, therefore, increases the clique number of the graph at all
scales.” As an example, new mathematical tools can provide avenues to relate already
established scientific disciplines, such as the development of statistical physics that
historically related thermal physics and molecular theory. A different sort of example
might be the application of a cryogenic dark-matter axion detector, where (if successful)
discoveries from the detector could lead to the formation of edges between
superconductivity, electronics (signal processing), and dark matter, among other objects.
This sort of development would also preview some interesting work bridging particle
theory and cosmology.’

Another example of the sort of development that previews further work (in other
words, the existence of certain scientific objects raises questions that could motivate
additional theoretical work) is within the domain of fluid mechanics. Consider a cluster
of interconnected nodes corresponding to the well-understood discipline of non-turbulent
fluid dynamics. In certain astronomical observations, it may seem reasonable to consider
the universe, or a subset of the universe, as a fluid according to various simplifying
conditions. If our fluid dynamics node is “fluids” and our astrophysical example is

“galaxy”, for example, forming an edge between them would require a more

% The clique number w(G) is the number of vertices in the largest clique of G. Maximizing the clique
number in a graph corresponds to the maximum degree of interconnectedness between scientific objects.
While centralizing scientific objects in a network is a relative measurement, clique number is an absolute
assessment of the strength of the graph.

” For reference, consider as an example (H. Peng, et. al., 2000) “Cryogenic cavity detector for a large-scale
cold dark-matter axion search”.
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sophisticated understanding of how it is permissible to treat any observed galaxy as a
fluid. In our example, imagine that astrophysical observations motivated theorists to
create new mathematical relationships between galactic materials in the framework of
non-turbulent fluidity. The theoretical work could be captured under a new node like
“galactic-fluid”. The observational data would then motivate edges connecting “galactic-
fluid” to “galaxy”. To associate “galactic-fluid” with “fluids” would necessitate more
sophisticated treatments of scale invariance.®

But the most exciting part of science, at least as a casual reading of science news
articles might suggest, is the final piece of that example: what new ideas might follow the
formation of a scientific object like “galactic fluid”? A simple network graph behaves
combinatorically, so that each additional node in the network corresponds to a new
maximum number of possible connections.” The possibility of new edges opens up many
avenues of research to centralize different parts of the network whose prior development
may have been stagnant. To further mathematize the creation of new scientific objects in
the network of dependencies, we can derive several features critical to scientific progress,
as shown in footnote 13 below. Without much work, it is clear that the number of
possible connections in a network increases quadratically, and that the number of
possible connections is unbounded as the number of nodes increases. Interestingly, the

ratio of the number of possible connections given N nodes to the number of possible

¥ Lacking such features, a theory of “galactic-fluid” would only connect to “fluids” by way of analogy. The
role of analogies in scientific explanations is an active area of investigation in the philosophy of science,
and while there is little consensus how to treat analogies in theory development, it is certainly a far cry
from the common understanding of evidence. In this spirit, analogies are insufficient to merit an edge in the
network of dependencies. On the other hand, analogies between different subject matters motivate deep
questions about the underlying patterns they have in common, which is an obvious entry point for a clever
theorist to speculate on explanations. This point will come up again in chapter 3.

? The number of possible edges (connections) in a complete, simple undirected network corresponds to (I;)
where N represents the number of unique vertices (nodes) in the network.
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connections given one additional node approaches 1 as N grows. This means that the
impact of the development of sequential nodes lessens for increasing node counts, and
that the development of additional nodes at the limit carries marginal impact on the
overall development of the network.

Intuitively, we would like to say that science is complete over a finite set of
scientific objects, which is to say that no other scientific objects are needed to fully
describe the scientific world. If an oracle somehow handed the scientific community a set
of scientific objects with the instructions that they exhaustively span all theory needed to
model all parts of the empirical universe, the only additional scientific work to be done
would be data-driven, fitting edges between the scientific objects in the network on the
basis of observational and experimental data. In reality, there is no oracle providing the
precise nodes, so we expect some scientific objects to eventually prove both auxiliary and
suboptimal. To account for the presence of already existing suboptimal scientific objects,
the networks of dependencies should have no upper limit placed on the node count,
though there should be motivation to avoid the spontaneous generation of new scientific
objects. Fortunately, this motivation is readily apparent in the graph formalization.
Especially compared to the pursuit of observational evidence to draw edges between
extant nodes, the development of additional nodes becomes decreasingly impactful.'
As a final discussion about the formation of new scientific objects and the effect

of such developments on scientific networks, note that the exact nature of the scientific

objects does not impinge on their roles (according to these network-theoretic

' The increasing number of maximum possible connections as N increases follows a pattern resembling
triangular numbers, such that the explicit formula for the maximum number of possible connections X

given N nodes is Xy = @, N = 2. While the limy_,,, Xy = ©0 and (treated as a continuous function)
dXn+1-XN) _ 3

dN 2

. X
the limp_,e —** = 1.
XN
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calculations) in the network of dependencies. Since scientific objects are defined quite
broadly, and since scientific objects come to share edges only on the basis of their mutual
implication in evidence (or according to mathematical entailments), there are no
conceptual constraints about what constitutes a suitable speculation, so long as it is
articulated in such a way that edges can, in principle, be drawn connecting it to other
scientific objects. The conclusion here should not be overlooked: the set of scientific
objects extends well beyond the set of naive realist physical objects. Likewise, the
inability to develop physical interpretations of certain consequences in theory should be
seen merely as a lack of sufficient conceptual or explanatory creativity; the consequence
can still manifest as a scientific object on which multiple theories converge. The
development of non-physical scientific objects is as productive as the production of
physically interpretable scientific objects. Examples of this abound quite openly in the
history of quantum theory, including, in particular, the spin property of fundamental
particles, or all of Hilbert space more generally.

Having thoroughly explored what it means to develop a new scientific object and
introduce it into the networks of dependencies, it is now appropriate to turn to a
discussion on the differences between subgraphs that are evidence-rich and subgraphs
that are evidence poor. The more complete an articulation of the differences I can
provide, in light of the previous paragraphs concerning how the development of new
theory alters the scientific networks, the easier it will be to argue in chapter 3 from the
context of cosmological theory. Recall the example of the cluster of nodes associated
with non-turbulent fluids. These scientific objects include the Navier-Stokes equations,

incompressible flow, and Newtonian fluids, among many others. The scientific objects in
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this subgraph are generally well evidenced, which is to say that two conditions are met.
First, there have been ample experiments, simulations, and observational systems that
have been explored, in which enough parameters were held fixed so that researchers were
able to extract datasets that act as evidence concerning these scientific objects. In other
words, evidential claims can be made about each of the scientific objects in relationship
to one another. Second, there are remarkably few scientific objects in the subgraph for
which the scientific community is at a loss to determine how the scientific object might
relate to many others. The Navier-Stokes equations, for example, very obviously draw
evidential connections between Newtonian fluids and incompressible flow, ensuring that
the centralities of each of the scientific objects in the subgraph are relatively equal.

Very nearby in the network dependencies, there are several other scientific objects
that do not feature nearly the same degree of centrality as those in the cluster of non-
turbulent fluid dynamics. These include (presumably) singularities at the interface
between two fluids, turbulence, non-Newtonian fluid dynamics, and dissipation around
arbitrary objects, among many others. Though these scientific objects are identifiable,
and bear some relations to the more centralized cluster in the previous paragraph, they are
each generally considered poorly understood. In some cases, such as the formation and
subsequent effect of singularities in a medium, there are immediate and articulated open
research problems associated with the scientific object. What do such open questions tell
us about the shape of the graph surrounding these non-centralized scientific objects?

In order for clear research questions on a given topic to exist in the community
discourse, nearby scientific objects in the network must be substantially more

interconnected and well evidenced than the scientific object corresponding to the

[-21



particular topic. This situation develops either when there are outstanding data that
cannot be rendered as evidence for the scientific object, or when research projects
concerning nearby scientific objects in nearby clusters perpetually fail to yield data that
can be rendered as evidence for the scientific object. The experimental accessibility of
singularities in fluid mediums is an example of the first case, where despite the ability to
assemble datasets, researchers lack sufficient theory to interpret that data as evidence for
some particular model. Non-Newtonian fluids, in a certain sense, lend an example of the
second case, because researchers are unable to develop a general, unified account of Non-
Newtonian fluids in such a way that they would subsequently be able to produce data that
could be made into evidence for the generalized account.

Chapter 3 will look closely at the excitement that surrounds some types of new
speculations, but even without the attention, it is clear that the scientific community
thrives on the articulation of open theoretical questions and on the subsequent solving of
those theoretical problems. In the context of the network terminology, outstanding
problems are solved when new theory suddenly allows pre-existing data to come to bear
evidence for non-centralized scientific objects. But how are new theoretical problems
first formed? When new data proves discrepant with pre-existing theory, researchers are
able to identify where in the network (approximately) new theory is needed in order to
reconcile the discrepancy between the data and the theory overall. Note the symmetry
involved in the formation and solution of open research questions, as they pertain to data
and theory. Based on the networks metaphor, researchers should have an intuitive sense

of outliers — particularly non-centralized scientific objects compared to nearby clusters
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— that are in need of evidence. That evidence, depending on the circumstance, can come

from new theory joining outstanding data or from new data joining outstanding theory."'

I hope that I have been able to show the extent to which the view of science as a
network of dependencies enables us to make abstract comments on the development of
scientific theory and the way in which theories are both held together and supported by
evidence. Generally speaking, the rest of this essay will focus particularly on situations in
theory development wherein new theory persists in the absence of much data. We will see
how, at least in the case of cosmology, researchers have historically pursued extensions
of larger theories, enriching the theoretical account in an effort to maximally extract
evidential claims for the theory from all available data. In this sense, theoretical research
focuses on relatively non-centralized scientific objects nearby clusters of scientific
objects that are all (roughly) equally centralized. The result of such a research effort is the
formation or resolution of any number of open research questions.

As will become apparent early in the third chapter, to make any comments on
how theorists operate, we must distinguish between two versions of the network of
dependencies: the network as it exists intersubjectively, and the network as it appears in a
theorist’s subjective view. Making this distinction modifies, to some extent, the network

metaphor developed here, particularly concerning the notion of centrality, as well as the

' As with most metaphors, the network of dependencies developed out of an elaboration of something
intuitive: namely, that theories are interconnected and held relative to each other on the basis of mutually
supporting evidence. In some sense, the intuition may be enough to move an argument forward concerning
the introduction of new theory into that interconnected aggregate, but the danger is that the intuition might
turn out to be merely aesthetic. If the intuition is just a matter of aesthetics, than the premise is not
necessarily conducive to an epistemic argument. Systematically building out the intuition enables us to
begin to assess whether the premise can be justified by other means, on the basis of epistemic norms. At the
very least, the network of dependencies has so far been shown to be quite robust in mapping onto
conventional descriptions of science.
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measure of the distance between various scientific objects (even between those that share
edges). The difference between the intersubjective network of dependencies and the
subjective view of the individual theorist complicates the story of how theorists
recognize, develop, and resolve open research questions to garner evidence for larger
theories. Nonetheless, their theoretical research clearly creates new opportunities for
science to eventually grow more robust. Therefore, the development of new theory
contributes to the perpetual development of an increasingly accurate epistemic authority.
The question remains for chapter 3: how do particular theorists develop such theories,

especially in the absence of much evidence?
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II. A History Of A Science

The presentation of this chapter is designed with the intention that the sum of its
contents acts as a philosophical primer on scientific cosmology, with special emphasis
given to major theoretical developments in the history of the field. The material in this
chapter is aimed toward philosophers, so that they are comfortable drawing on examples
from the history of cosmology in the presentation of larger philosophical concerns. On a
related note, it is my hope that the material in this chapter is also sufficient for a
philosopher to begin an investigation into any number of conceptual topics within the
field of cosmology. Insofar as I have attempted to satisfy the latter goal, the citations
found in this chapter should be excellent resources for philosophers without much
physics background to further familiarize themselves with the present status and history
of the field.

As a chapter dedicated to the history of a field, the organization of its material is
naturally driven by a timeline populated by events, discoveries, and people. For reasons
that will become clear shortly, I have chosen to begin the timeline (and thus declare the
substantial start of scientific cosmology) with the work of Descartes. From there, I will
investigate the impact Newton had on early cosmology, and how his philosophical
commitments tempered cosmological claims for about two centuries following, even
while astronomy and astrophysics flourished. Then, I will make the 200-year jump to the
time of Mach and (closely following) Einstein. In the context of Einstein’s General
Relativity (GR), I will discuss the roles of de Sitter and Friedman, among others, in the
development of the theory of the expanding universe. In this time, cosmology grew from

mathematical roots to a diverse scientific discipline. Now firmly in the 20" century, the
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field saw an explosion of productivity. From the many landmarks and controversies in
this time, I will follow the development of the Big Bang theory and the Steady-State
theory that opposed it. The discovery of the Cosmic Microwave Background Radiation
(CMB) re-contextualized the debate and swung nearly all favor toward the Big Bang
theory. With that, I will introduce the theory of the inflationary epoch within the Big
Bang model and the attempt to recover details of the early universe from the noisy signal
and dusty record of the CMB. At this point, I will have arrived at the contemporary
landscape of inflationary cosmology.

For the purposes of this essay, I have chosen to focus only on periods of history
featuring major conceptual developments in cosmology. The decisions made in the
drafting of this chapter are not meant to trivialize the work done by the many researchers
and movements unmentioned. The field of astrophysics, for example, grew from its roots
in observational astronomy to an active and exciting enterprise in the two centuries
between Newton and Mach, and its products have proven immensely useful to the
development of modern cosmology. Astrophysics is a Newtonian discipline, however, in
the sense that it relies on the philosophical principles of local observation via
intermediary instruments to identify physical regularities. For reasons that will be
discussed in the section on Newton in this chapter, its history is therefore only ever
tangentially relevant to the conceptual evolution of cosmology. Similarly, the
development of Quantum Field Theory (QFT) and the Standard Model of Particle Physics
(SM) will not be investigated, even though their results are incorporated in this chapter at

key points in the discussion of the development of contemporary cosmology.
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Going Down The Rabbit Hole And Into Descartes' Vortices

In 1644, Descartes published his Principia philosophiae, and with it he developed
a complete vortex theory of the cosmos. Compared to contemporary astronomical
models, Descartes’ reasoning derived firstly from a set of philosophical priorities. Only in
the context of these philosophical principles are astronomical data introduced as
restricting agents. The data provide suitable boundary conditions that are not already
satisfied by the philosophical principles underlying vortex theory. Importantly,
Descartes’ conception of scientific explanation differs from the view of science that has
since come to dominate the field. In his account, empirical data inform a priori principles
of nature, but can never exactly demonstrate or contradict the fundamentals of the theory.
(Aiton 1972) Descartes’ philosophical reasoning is centered on global commitments
characteristic of scientific cosmology. By fiat, he declares that all celestial bodies, Earth
and otherwise, must be fundamentally the same, and that they must act according to the
same natural governing patterns. This choice immediately separates his theory of vortices
from more traditional astronomical models. The observable universe is a single system
filled with constantly interacting, self-similar cosmic bodies that are well behaved and
consistent at some unknown scale. In the context of large populations of microscopically
similar matter, Descartes argues (in a mathematically unsophisticated way) for a non-
linear global structure. The structure is both sensitive to the variations in small-scale
structures and described by the dominating global orientations of the larger composite
structures.

The focus on global structure led him to the first astronomical theory in which the

observable universe is treated as a single system, filled with constantly interacting cosmic
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bodies that are consistently behaving and unified on some conceptually reduced scale.
The vortex theory was founded entirely on philosophical speculation, in which Descartes
reasoned that the orbital motions of planets were governed by a continual force that
prevented their centrifugal escape. Since there was a continual force ensuring the bound
planetary orbits, and Descartes reasoned that force requires contact, it follows that all
space must be non-empty, filled as a fluid aether, and containing all matter consisting of
stars, planets, and other bodies. (PIII 24-25)'? Those bodies, whose natural motion is
rectilinear, nonetheless travel through space according to curved motion thanks to
disturbances in the fluid aether. The motions of objects through space, according to his
model, had the capacity to generate vortices. These vortices behave predictably like
fluids, causing objects in the fluid (in this case planets and other celestial bodies) to spiral
inwards. To preserve the stability, Descartes realized that the matter describing the aether
had to work as a centrifugal pressure to cancel out the tendency for planets to fall into the
center of the vortex. In this way, equilibrium in the orbits was preserved. (Schuster 2005)
(Though comets presented a problem, as will be discussed.)

Descartes’ vortex model of cosmology is curious in two respects: the reliance on
philosophical first principles and the manner by which it incorporates data as evidence in
its favor. Regarding the former, Descartes’ entire framework of physics holds the initial
assumption that matter is the only force carrier, which requires the development of a
stratified theory of elemental matter to differentiate between the fluid aether and various

sorts of celestial bodies."* Furthermore, in the exposition of his vortex theory, Descartes

12 Citations in this paper concerning Descartes Principles of Philosophy can all be found in Part III, “Of
The Visible Universe”, taken from (Descartes, 1991). This first citation refers to passages 24 and 25.

'3 The three sorts of matter were the minute globules that formed the substantive vortex, indefinitely small
debris of primary matter also lost in the body of the vortex (conveniently, a source of corrections), and
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demonstrates an overt desire to explain away all features of the cosmos according to his
theory. In this way, it is evident that Descartes’ enthusiasm for the theory derives from its
completeness, which represents a primarily philosophical commitment, independent of
scientific reservations.

Concerning Descartes’ curious implementation of evidence, the passages in
Principles of Philosophy on comets are particularly informative. Data available at the
time regarding comets were lacking, except for several scattered records of sightings. The
contemporary astronomical community had no outstanding explanatory theory for their
paths or presence. Since Descartes’ commitment to the development of a complete
cosmology required explanations of all phenomena, he had to build arbitrary parameters,
in this case preconditions, for the comets, so that their paths did not violate the
philosophically-derived structure of his vortex framework.'* This effort appears more
generally in the way Descartes incorporates any data, including the motion of Earth and
the sun.

Since his model stems from principles of philosophy suggested by argument and
secured by faculties of reason alone, all data that are properly obtained can be rendered as
evidence for his theory, because no data were used in the formulation of the theory.
Unfortunately, the mechanism by which evidence emerges from available data, given
Descartes’ commitment to philosophical completeness, is ambiguous. An example is in

his theory of vortex collapse that provides, among other details, an explanatory

tertiary matter. Tertiary matter is the locus of Descartes’ departure from his contemporary astronomical
paradigm, in that it refers to all macro-scale materials singularly, including the sun, planets, comets, and
moons. (PIII 48-54)

' In passage 129 in Part 111, Descartes begins “Now, all these things which have been observed can be very
easily understood.” In context, he is clearly using “understood” in a different manner than contemporary
astronomy would use the word, stressing explanation and neglecting predictive power. (PIII 129)
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mechanism for comets.'” Sunspots (thought at the time to be the solid clumps of matter
on stars) overtake the surface of the sun, eventually isolating the sun from the globules
constituting the aether. This phenomenon would cause the vortex surrounding the sun to
collapse, and the new body (the sun covered in matter) either becomes a planet caught in
a neighboring vortex or else becomes a liberated comet with its own trajectory (fueled by
the force of its interior). There was no physical factor to determine which of these two
options occurs, given initial conditions. Effectively, (if I am allowed some
philosophically anachronistic comments), the preliminary theory needed to treat
cosmological data as evidence for his vortex theory, rather than coming from data-driven,
testable claims, comes from further explanatory, global-scale theory. This strategy is
dangerous, because it lends the impression that astronomical data constitute evidence for
his cosmological theory. In fact, his reasoning amounts to conceptual curve fitting.
Worse, his mechanisms are sufficiently underdetermined that perhaps curve fitting is too
generous a label, lending the appearance of mathematical rigor to an entirely conceptual
theory.

Nonetheless, Descartes’ vortices constitute a cosmological theory according to the
principles of the prior chapter. Vortex theory captured all epistemically approachable
features of the universe, the behavior of tertiary matter, in the context of a global scheme,
satisfying the Principle of Inclusivity. Descartes was, perhaps to a fault, concerned with
maximizing explanatory circumstances in his theory, satisfying the Principle of Minimal

Coincidence. And his vortices were generalizable across the domain of the universe, as

15 Passages 115-120 explore a formal description of vortex collapse. Notably, we know the entire theory is
patently false. Despite an elaborate explanation, the apparent motive was to make sense of sunspots, as well
as the origin of comets. Except for the convenience of the explanation, Descartes had no reason to link
these two subjects into one overarching explanation of celestial behaviors, and none exists in contemporary
theories of astrophysics. (PIII 115-120)

I1-30



were the self-similar bodies comprising it, satisfying the Principle of Local to Global.
Descartes’ cosmology is, for these reasons at least, a theory constituting scientific
cosmology. Since the cosmological theory required the new assumption that all
components of the universe behaved consistently and self-similarly, we can comfortably
presume that Descartes’ vortex theory was, in fact, the first theory of scientific
cosmology, even though his method was substantially less productive than post-Newton
scientific strategies.

If Descartes’ vortex theory constitutes science, then we should be able to fit it into
the network metaphor developed in the previous chapter. While enumerating all of the
scientific objects in his theory would be unproductive (even if informative about the
mechanisms of his theory), summarizing the most centralized of his scientific objects
might elucidate the key elements of his theory. The most essential scientific object in his
theory is the “fluid aether”, which is responsible for the curvilinear motion of the various
cosmic bodies. Closely related to that scientific object is each of the three types of matter
in his theory (which are listed above in footnote 13). Provided that physics spans the
observable universe, and that force requires continuous local contact, these three
scientific objects form edges with the scientific object “fluid aether” to form the basis of
Descartes’ entire theory.

Before moving on to Newton, Descartes’ intellectual antagonist who redefined
priorities in the natural sciences, it is prudent to recognize the lasting impact of
Descartes’ cosmology. From the Ptolemaic era, there was a demonstrated commitment to
the aesthetics of mathematical constructs implicit in the reliance on circular (or at least

elliptical) motion in the cosmos: the perfection of mathematics was sufficient physical
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explanation for the motions of celestial bodies. That commitment and satisfaction
survived through the Copernican Revolution, but disappears in Descartes’ Principia
philosophiae. To Descartes, mathematics was separate from physics, and the latter
required explanations independent of mathematical elegance. Cosmology, in Descartes’
treatment of it, was a philosophical field whose entirety must be imbedded in the axioms
of its construction. Despite this shift in the methods of theory formulation, Descartes’
vortex theory treats data and evidence in a remarkably similar way to the prior epicycle
theories. In both classes of theories, the driving mechanism for theory development is a
commitment to objects of non-physical, philosophical salience. While Newton rejected
those commitments, and in doing so stymied the development of cosmological theories in
favor of purely astrophysical programs for about two centuries, Descartes deserves credit
for establishing cosmology as an extension of scientific pursuits, rather than as a sample

study for mathematics, religion, or aesthetics.

Newton’s Backyard

Newton’s main scientific treatise, the Philosophiae Naturalis Principia
Mathematica (named in contrast to Descartes’ work, with a new emphasis mathematics)
stressed a transition to data-driven science. Newton couched data in a formalized
structure of mathematical rules. Unlike the scientists before him, Newton showed how
observed phenomena could be characterized according to precise measurements for
comparison, and that mathematical relationships could be constructed between physical
features or properties in the environment based on the recorded data. That recorded data
fit as evidence for the establishment of mathematical regularities, construed as systemic

physical laws overlaying the physical world. In this context, Newton’s work constrained
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scientific work within experimental or observational systems. By manipulating features
of the system in precisely accountable ways, he noted corresponding changes in the
properties of the system, and from there he determined what systematic counterfactual
dependencies between parameters vary the descriptive features present in his
environment. Newtonian physics, in other words, was necessarily local. Claims about
distant parts of the universe had to be defended exclusively according to similarities
between particular distant systems and particular systems nearby.

What becomes of cosmology in a fully local paradigm of physics? Ostensibly, the
Principle of Inclusivity remains independently achievable, because it concerns the role of
known data as it pertains to theory. The Principle of Minimal Coincidence seems at risk
because of the inclusion of “global” in its statement. Indeed a difficulty emerges in a
local reworking of the Principle of Minimal Coincidence, because the explicit influence
of large-scale features of the universe on local-scale events is ill sought, except in a
global framework. In that case, such large-scale features can be articulated differently
than local interactions. With expansive computational resources, simulations could
address the challenges of predicting large-scale cosmological developments based
entirely on foundational theories of physics, but it is unclear how additional claims about
cosmological theory could be garnered from this method. If there were discrepancies, for
example, between large-scale observations and the foundational simulations, it is unclear
how a foundational physicist would then factor those discoveries into the development of
new theory.

Regardless, at least until very recently, large computational simulations were

impossible, so the Principle of Minimal Coincidence presented a problem in the post-

I1-33



Newton era. Likewise, the Principle of Local to Global presents a problem in the context
of Newtonian physics. Newton was able to generalize a theory of gravity to the motions
of the planets only on the basis of projecting similarities across scales, from local
experiments. While he considered gravity as an interaction between bodies, and could
therefore use discrepancies in orbits through space to infer the presence of additional
cosmic bodies, he would have had little grounds to justify the existence of a gravitational
field, as physicists think of fields today, because there is absolutely no way to probe
every possible region of space.

Nonetheless, in a different sense, Newton deserves credit for the Principle of
Local to Global: his commitment to experimental design allowed him to isolate which
physical mechanisms in the local environment are generalizable across distances and
scales, and which were, to the contrary, particulars of a given system. Both the trend in
science toward reproducibility of data and the trend to update theory in the presence of
new physical law-like relationships emerge from Newtonian commitments to
generalizing local systems across regions of space and time.

Only the Principle of Minimal Coincidence, therefore, risks a complete rejection
in the Newtonian paradigm of science, and this is all it took historically for two centuries
of physicists to reject cosmological theory development as needless speculation. The
entirety of Netwon’s cosmological thoughts are captured in his statement, given as

Corollary 2 of Proposition 14:

And so, since the fixed stars have no sensible parallax arising from the annual motion of the
earth, their forces will produce no sensible effects in the region of our system, because of the
immense distance of these bodies from us. Indeed, the fixed stars, being equally dispersed in all
parts of the heavens, by their contrary attractions annul their mutual forces, by book 1 prop. 70.
(Newton 1972)
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Newton’s astrophysical regime provided an environment to establish large-scale
independent evidence for the phenomenon he identified as gravity in small-scale, local
experiments. Distant stars and their presumed solar systems were uninvestigated. Despite
their light constituting direct observation, Newton concluded that these distant influences
are so weak that they are effectively irrelevant to the nearby physical regime. In other
words, he had to treat the local system as isolated from other possible sources of
interactions. His only proposal for a cosmological model was (effectively) the null model,
claiming that the distant stars formed a sphere in every direction from Earth, in which
gravitational influences go to zero within the closed structure.

In other words, Newton’s local paradigm of physics compelled him to a theory of
cosmology that denies the Principle of Minimal Coincidence, stating instead that global
features of the universe must be considered to have no effect on local physical systems.
Scientific cosmology showed little traction in communities of physicists for two centuries
after Newton’s Principia. While astronomy and astrophysics developed, most notably
with the pursuit and development of the parallax method of measuring nearby stellar
objects, these developments were merely instrumental. While such instruments could
allow researchers to draw inferences about the cosmos, the articulation of the tool itself
does not constitute cosmological theory. This distinction should not be surprising, given
that the parallax measurements depend on the same null model of distant cosmic objects
that Newton stipulated. Science was stuck in Newton’s own backyard because its

methods precluded moving outward.'

'] would be remiss to avoid mention of Kant’s theories on the formation of the solar system according to
Newtonian principles. Kant’s 1755 Allgemeine Naturgeschichte und Theorie des Himmels (in English
translation: Universal Natural History and Theory of the Heavens), well prior to his philosophical
“awakening”, describes how gaseous clouds can collapse and form stellar and planetary bodies, due to
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Once Upon A Spacetime17

To understand how science broke out of Newton’s backyard and embraced (2),
we turn to physicist and philosopher Ernst Mach. In the middle of the nineteenth century,
Mach recorded his philosophical reasoning concerning physics, in which he rejected the
notion of a meaningful absolute frame of reference in space. Inertial velocities and
positions, therefore, were not adequately articulated properties of physical objects.
Rather, these properties represented a confluence of relations borne between the object
and other observables in the universe. Mach was troubled by the idea of relative theories
of kinematics that track the motive energies of objects. He did not believe that kinetic
energy was a meaningful translation of other forms of energy associated with the object,
given that motion was dependent on an arbitrarily declared frame of reference. In the
absence of an absolute frame of reference, all bodies appear in relative motion, and it is
unclear whether there exists any coherent definition of either linear paths or motion at all,
without other bodies present to provide a frame of reference.

Mach avoided these foundational issues by discarding the tendency to consider
events according to coordinate systems corresponding to frames of reference. In its place,
Mach conceptualized a physics in which all objects were described in relationship to each
other, invoking the global notion of the universe as a whole. Barbour describes Mach’s

framework explicitly:

gravitational mechanisms fully captured by Newton’s laws. (Kant 2009) While certainly salient at the time
and in large agreement with the sensibilities of modern astrophysicists, it is worth stating that the clumping
of matter in this fashion has still not been shown to be a sufficient mechanism for planetary formation. The
failures appear in modern computer simulations, as addressed in (Zahnle, et al. 2007). Certainly in Kant’s
time, his theory amounted to conjecture and did not approach scientific rigor. Case in point, his essay
contained no new mathematics or additional evidence to constitute new theory. It was, simply, a sensible
story of cosmogony that attributed to accident the widely varying sorts of astronomical bodies observed.
71 owe an apology to Bradford Skow’s 2005 dissertation of the same name, which is entirely unrelated to
this chapter, but is nonetheless an excellent read. The title is delightful in both contexts.
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"The logic of Mach's approach was to dispense altogether with coordinate systems and frames
of reference and concentrate instead directly on the universe as a whole, describing it by a
relational law containing only relative distances and relative velocities. Distinguished frames
of reference would then arise only if we fix our attention on local bodies and attempt to
describe them in coordinate systems chosen to make their motion appear particularly simple,
as in Newton's first law. Since the motions are in reality taking place with respect to the
universe at large, our distinguished coordinate systems will actually be tied to and determined
by the same universe." (Barbour 1990, 50)

Effectively, Mach was advocating for a conceptual overhaul of Newtonian physics,
structured around global relationships that reduced to Newtonian coordinate physics in
the local-scale, low-energy, and large-number system limits. Reasoning from the
conceptual issue of determining an absolute reference frame without invoking
metaphysical baggage, Mach concluded that velocity (conventionally defined as a
measure of distance with respect to time) is ambiguous. Instead, Mach introduced the
preliminary groundwork for a shifting spacetime that is necessarily global. Machian
physics is entirely dependent on establishing the Principle of Minimal Coincidence as a
crucial component of science, so as to contextualize the role of frame-dependent local-
scale physics in a larger foundational framework. Barbour has written several papers on
how Machian physics would work, and what consequences it could hold for theoretical
physics concerning the problem of inertia.'®

Before transitioning to Einstein’s relativistic theory of spacetime, which provides
the basis for 20" century cosmology, I must clarify a point in Mach’s philosophy that
differs substantially from Einstein’s view. Mach did not think in terms of frames of

reference. Frames of reference are a conceptual tool that date back at least to Galilean

'8 1 will not cite each of his papers here, because they are easily found online. I will draw attention to one of
the papers, however: Barbour, J.B. 1974, “Relative-distance Machian theories”, Nature vol 249, no. 5455,
pp- 328-329. In this extremely short paper, Barbour shows briefly how nontrivial Machian dynamics
emerge in a system of 3 particles, but do not resemble Newtonian dynamics until there is a large isotropic
background of particles. The paper implies that an understanding of the emergence of large-scale
Newtonian dynamics in this framework could prove fruitful for modeling more fundamental systems,
especially because conceptual rigor seems to grow more crucial at more fundamental levels. (Barbour,
1974)
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relativity, and become central to Einstein’s relativity. Mach dismissed the idea of frames
of reference because he felt that the idea distracted physicists from the development of
objective physical theory. While Einstein later embraced reference frames and developed
a theory of properties that are reference frame invariant'’ at the cost of being non-trivially
physical (e.g. the spacetime interval or four-momentum), Mach wanted a universal,
objective theory of physics with easily recoverable physical interpretations (e.g. distance,
energy, etc., in standard convention). This commitment led him to the view that a
complete cosmology was the most centralized element of physics. The need for a
complete description of the universe is very reminiscent of Descartes philosophical
interests in his development of the vortex theory. While Mach’s framework and
Einstein’s framework differed greatly (for example, Mach’s interest centered around the
relativity of motion while Einstein’s reasoning focused on the relativity of inertia), it was
Einstein’s predilection for Mach’s global view that brought cosmology back into
scientific relevancy.

Of course, such a conceptual revolution would not have meant much in the annals
of the history of physics or cosmology had Einstein’s framework not proven to be so
successful. In 1905, Albert Einstein wrote five landmark papers, all of which were
published within the same year, except for the delayed 1906 publication of his 1905
dissertation.”® It was his third and fourth papers of the year that introduced special

relativity to the scientific discourse. The first of the two papers demonstrates how the

19 A property x is considered reference frame invariant if and only if coordinate transformations between
any reference frames A and B map x to itself.

2% The papers were (in the order that they were written, with titles translated afterward to English): “A New
Determination of Molecular Dimensions”, “On the motion of small particles suspended in liquids at rest
required by the molecular-kinetic theory of heat”, “On the electrodynamics of moving bodies”, “Does the
inertia of a body depend on its energy content”, and “On a heuristic viewpoint concerning the production
and transformation of light”.
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Maxwell-Lorentz theory of electrodynamics follows a relativistic principle of inertial
motion, if we adopt two new principles that define special relativity. (Einstein, On the
electrodynamics of moving bodies 1905) The third defines inertia in the context of a
framework of special relativity, concluding that all energy E has an inertia E /c? (though
he used different variables consistent with German physics in his time: L instead of E for
energy and V instead of ¢ for the speed of light). (Einstein, Does the Inertia of a Body
Depend Upon Its Energy Content? 1905)*!

Special relativity is described in textbooks according to two principles: 1) The
Principle of Relativity, that physical laws are constant across all inertial frames of
reference; 2) The Speed of Light, that the speed of light is fixed in all inertial frames of
reference (this is the principle that rejects the existence of the aether). Constrained by
these principles, Einstein’s special relativity emerges directly from the body of available
data at the time. Minkowski space, a four-dimensional manifold is the most convenient
description of flat spacetime, which relativists later utilized after 1908. From Einstein’s
two principles, special relativity took a Euclidean-space Newtonian physics and recast its
theories in the context of Minkowski space, in other words replacing the underlying

shifting structure of a naive space-and-time physics with a mathematically rigorous

2! This paper is the source for his well-popularized equation E = mc2, which was later generalized in the
energy-momentum relation E? = p2c? + my2c*, where E is the total energy of the object, p is the
momentum, c is the speed of light, and m,, is the inertia of the body (according to its proper, stationary
reference frame). Since m, is invariant with respect to reference frames (it is defined with respect to the
proper reference frame of the object) and c is a constant, E2 — p%c? is reference frame invariant, and holds
fixed in the case of all coordinate transformations of particles (including massless particles that lack an
inertial frame of reference) and fields. (Note that in the context of General Relativity, energy conservation
is poorly understood, and this relationship between energy and momentum is somewhat ambiguous, which
Einstein addresses in his 1918 paper “Der Energiesatz in der allgemeinen Relativitdtstheorie” or “The Law
of Energy Conservation in the General Theory of Relativity”.) (Einstein, 1918)
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spacetime. The math was not new, but it was Einstein’s two principles that made the
mathematics relevant to the physical regime.*

The first principle was adapted from Galileo’s relativity centuries earlier; if
physical laws were not invariant across changing inertial frames, there would have to be
an absolute frame of reference for physical relationships to hold, as well as a series of
transformations describing how they vary for diffing inertial frames. The second principle
comes straight from electromagnetic theory, and dispels the possibility of an absolute
frame of reference (e.g. the rest frame of the aether). Physical laws must be invariant
across changing inertial frames, and they must be invariant in such a way that the
property of light associated with the derivative of distance with respect to time is
absolute. In slightly more intuitive language, if our measure of distance warps due to our
frame of reference, so does our measure of time to balance out the effects on the
spacetime path of light.

A decade later, Einstein’s general theory of relativity (GR) built on an additional
principle, the principle of equivalence, in such a way that the spacetime ontology implied
by special relativity was made both more complex and entirely physical. The principle of
equivalence states that an unprivileged observer (lacking any sort of oracle or god-like
powers) is unable to determine whether they are in an accelerating reference frame or in a
uniform gravitational field. With the introduction of this principle, the property of inertia
assigned to physical objects was inexorably affixed to a very concrete interpretation of

spacetime. Compare this development to the comments made in the previous section

22 In fact, contemporary to and shortly before Einstein, Henri Poincaré was working on similar
interpretations of Lorentz’s relativistic corrections, specifically reconciling Maxwell’s absolute-frame
theory of electromagnetism with a relativistic framework by adopting non-Euclidean descriptions of
spacetime. For example, see (Poincaré 1905).
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about Newton’s inability to draw claims about fields that permeate everywhere. Unlike
Newton’s claims about gravity existing between any two masses, GR provides a non-
linear theory of gravity according to several field equations analogous to those in the
theory of electromagnetism. The field equations describe how inertial bodies distort the
spacetime structure that spans the universe, and how those distortions in turn influence
other nearby bodies. For the first time in physics, the fabric of spacetime was a scientific
object that mandated a global approach to understanding physical theory.

The question whether spacetime is a physically interpretable object, and whether a
theory of physics can undermine the notion of spacetime, is a matter for scientific realists,
and in a more particular spirit, substantivalists. Regardless, evidence in favor of GR over
other theories of astronomical-scale gravity meant that solutions to Einstein’s field
equations, consistent with observational data, spelled a complete, global structure of the
universe. Obviously, locating a single, complete spacetime structure of the universe is
laughable, and the non-linear mathematics become non-trivial in all but the most simple
toy models. Nonetheless, in principle, numerical GR is capable of providing detailed
descriptions of inertial bodies throughout the universe.*® Despite technical difficulties, it
was within the context of GR that scientific cosmology flourished. Suddenly, there was a
tool to interpret the relationships between astronomical bodies at the edge of the
observable universe, at scales that dwarf our local low-energy physical regime. Newton’s
fence was toppled.

Before describing the birth of 20" century cosmology, I should introduce some

conceptual tools from GR. As I alluded to earlier, GR encapsulates Einstein’s field

2 At least, that was the hope and excitement at the time. Mathematical and computational needs limited the
immediate usefulness of GR, and later observational data that has since been identified as “dark matter”
complicated the picture.
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equations (EFEs), which describe the relationship between the curvature of local
spacetime and the stress-energy tensor, a measure of the density and the flux of energy
and momentum in that same local region of spacetime.* Since the two sides of the
relationship are conceptually distinct, theorists can fix the stress-energy tensor on one
side to model various local environments and calculate unique spacetime metric
solutions. Solving the EFEs results in a metric tensor, from which a line element can
define the spatial and temporal separation between objects around a given spacetime
region with a well-defined stress-energy tensor.”> Alternatively, theorists can fix the
geometric Einstein tensor and determine what physical sources meet the necessary
energy-momentum constraints to produce that spacetime geometry. This latter strategy
has been employed to hypothesize the existence of black holes that determine the
trajectories of astrophysical bodies, and recently has been used to develop cosmological
models to describe pervasive large-scale astrophysical observations. Note that analytic
solutions to the EFEs are rare, and require extremely simple toy models. Perturbation
theory in GR and Numerical GR are two strategies to develop more sophisticated
spacetime models.

Within a spacetime metric, a world line describes the path of a test particle

through spacetime. Geodesics in the metric tensor represent the inertial trajectories of test

* Specifically, expressed in dimensionless constants, the Einstein tensor G =Ry — % g R that describes

local spacetime curvature is set equal to 87T, or simply the stress-energy tensor multiplied by a scalar
quantity.

2% The square of the line element is denoted ds? = dq - dq = g(dq, dq), where dq - dq is the inner
product of two infinitesimal changes dq in the metric space g. The line element (given some well-defined
metric space) characterizes spacetime events in relation to each other, with respect to an observer’s

reference frame.
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particles in the system, or the shortest path between two points in spacetime.”® In this
way, geodesics can be thought of as straight lines, generalized for more complex
curvatures than the flat Minkowski space of special relativity. While inertia is poorly
understood philosophically (there is no underlying architectural reason why Einstein’s
principle of equivalency holds, privileging the class of inertial reference frames over
accelerating reference frames), in the context of GR, geodesics map directly onto
observations (made in an inertial reference frame) of inertial objects. Unexpected
geodesics of astrophysical bodies are generally considered evidence for the presence of
nearby gravitational objects that distort the local spacetime curvature.

Massless particles, like photons, always travel along null geodesics, where the
line element is zero. In GR, optics are Newtonian in the low-energy limit, but around
massive objects they are subject to gravitational effects, much like massive test particles.
Tracking visual distortions of well-understood electromagnetic signatures has been the
most productive probe of the spacetime geometry that forms the observable universe.
Gravitational lensing, the bending of light around gravity wells, provides astronomers
with rich evidence for various dark objects. Similarly, the redshifting or blueshifting of
light due to the strength of gravitational fields in its trajectory provides a mechanism for
astronomers and astrophysicists to assess features of the universe that do not emit
electromagnetic radiation.

The null geodesic is equally spread across the spatial dimensions and time, which
means that the world lines of light describe the shortest possible path through time. Since

the speed of light represents the upper bound on the velocities of non-exotic matter, the

28 Test particles, or test objects, are massive or massless particles (radiation) that are placed into the global
metric, considered too small to noticeably deform the global spacetime structure.
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null geodesics also define simultaneity in the context of complex spacetime curvatures:
light-like separated events are said to be simultaneous. The null geodesics, radiating in
every direction in the metric (forward and backward in time) bound a causal patch of
spacetime relative to a given observer. Only timelike separated events can be causally
connected. If timelike events bear any causal relationship, than we should expect that
their world lines (or at least the null geodesics) intersect. In this way, causal patches in

spacetime overlap.

The Mathematical Cosmogony Of Modern Cosmology

In 1917, about four years after proposing the conceptual architecture of GR,
Einstein produced a static model of the universe according to GR that included an
artificially inserted cosmological constant A to cancel out the tendency toward universal
gravitational collapse.?’ The easiest conceptual interpretation of A is the energy density of
the vacuum, or a measure of the resistance of the vacuum region between two cosmic
bodies featuring gravitational attraction. Recall earlier that Newton’s only cosmology
was the null hypothesis: gravitational collapse is avoided because the gravitational effects
of distant star systems all cancel out. Since GR did not provide a mechanism to prevent
runaway gravitational collapse (in fact, the influence of massive bodies on massless
photons worsens the problem), Einstein needed a similar patchwork solution.

If I may engage in bit of anachronistic description, A (originally written in the
lower case A), constant everywhere in flat spacetime, can either cancel out gravitational
collapse or contribute to the expansion of the universe depending on its value. When

cosmologists today discuss A, they are invariably referring to the role of dark energy in

27 «Cosmological Considerations on the General Theory of Relativity”, Albert Einstein, reproduced in
(Bernstein and Feinberg 1986, 16-26).
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the rate of expansion of the universe. Particularly, (1, denotes the ratio of the energy
density of dark energy in the universe to the critical density of the universe. The critical
density of the universe is defined such that the )}; Q; = 1 corresponds to a static (flat)
universe, ).; Q; < 1 corresponds to universal expansion and ); Q; > 1 corresponds to
universal collapse.”® In 1917, however, ¥; Q; had to be 1, so A was assigned whatever
value would ensure that ),; Q; = 1, given the energy densities of other known features of
the universe (at the time, this would only have been the energy density of baryonic matter
in the universe). Einstein was interested in a global picture of the universe, which he
believed must be static and unchanging. He ended his paper by reminding the audience:
“That [supplementary] term is necessary only for the purpose of making possible a quasi-
static distribution of matter, as required by the fact of the small velocities of the stars.”
Why was Einstein so committed to a globally unchanging universe? Most
immediately, it removes the issues concerning the initial and end states of the universe. If
the global system is poorly defined, it is unclear in the Principle of Minimal Coincidence
and the Principle of Local to Global which claims about the universe can be evaluated
within a physical context and which are forever beyond such an explanation. Concerning
the Principle of Minimal Coincidence, a theory of cosmology is ill equipped to determine
the boundary conditions of the global system in an explanatory framework within that
system. By contrast, in the case of a static global system, the boundaries need no
explanation. The Principal of Local to Global presents a similar loophole: extending the

domain of physical laws to regions causally disconnected from each other is

1+2)2
derive an expression for the case in which the universe is static and flat:

*® The full expression is: H = Hy(1 + Z)\/Qmo +Q,0(1+2)%+ (n& + (1 — Q,), from which we can

1=1*1\/Qm‘0+9r‘0*1+%+(1—1)=Qm‘0+QT‘O+QA,0
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philosophically suspect, except in the case that spacetime is eternal backwards in time
where any causal patch shares a causal history with any other causal patch at some earlier
point in spacetime.

More generally, scientific cosmology was in a state of delayed infancy, and a
static universe minimized the need for sophisticated cosmological theory that was distinct
from both foundational physics and astrophysics. Except perhaps to avoid universal
gravitational collapse, there was never before a need to treat global structures in the
universe as anything different from exotic-scale objects subject to the usual restrictions of
(locally derived) foundational physics. Einstein’s spacetime may provide a global
structure of the universe, but only in the Machian sense that it describes the relative
relationships between all the particulars within it. In the absence of any evidence in favor
of a dynamic global structure, the only dynamism is in the ever-shifting local dynamics
of particular physical bodies. After all, this was the gift of Descartes’ theory: the universe
is limitless and behaves regularly everywhere and at all times, otherwise there is no easy
way to access the differences.

At the same time as Einstein developed his static cosmology, Willem de Sitter
developed an alternative stationary solution to the EFEs. De Sitter published a paper in
1917 for the case of a maximally symmetric vacuum universe.*’ De Sitter’s universe was
empty everywhere and had constant positive curvature, so signals from distant test
objects would exhibit high redshifts. Since de Sitter’s universe was empty, he naively
considered it a static solution to the field equations; by definition, there can be no

dynamic variables in an empty set. As a consequence of the hyperbolic geometry of de

% «On Einstein’s Theory of Gravitation and its Astronomical Consequences (Third Paper)”, Willem de
Sitter, reproduced in (Bernstein and Feinberg 1986, 27-48).
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Sitter space, test particles inserted at fixed distances from an observer in de Sitter’s model
appear redshifted since the passage of time of appears fastest at the location of the
observer, even when the observer and the test particles are all stationary by stipulation.
(Kragh 1996, 11) De Sitter was convinced that these behaviors were exclusively metric
properties, and did not signify the velocities of objects (they instead corresponded to
“spurious positive radial velocity”) (Kragh 1996, 12).

Starting with a paper in 1927, Georges Lemaitre established that even in the
absence of test objects, the geodesics in de Sitter space are best interpreted as non-static,
because there was no precise way to otherwise characterize the local effects of a globally
hyperbolic structure. (Nussbaumer and Bieri 2009, 76) Today, cosmologists interpret de
Sitter space as a dynamic model of the universe. If small test objects are introduced into
de Sitter space, the system becomes immediately dynamic. Test particles relative to an
observer immediately accelerate away in proportion to the product of A - r, where r is the
distance between the observer and the test particle. Any light radiating from the
accelerating test particle would appear redshifted. Prior to Lemaitre’s contributions,
cosmological theoriests scratched their heads over the best way to interpret de Sitter
space.

Hermann Weyl was one of these theorists, whose four successive editions of
Raum, Zeit, Materie (in English translation: Space, Time, Matter) explored the unfolding
philosophical argument beneath Einstein’s cosmology and de Sitter’s cosmology. (Weyl
1952) In a debate that was populated predominately by mathematicians, Weyl was well
equipped to engage in the speculative controversy. Einstein, carrying Mach’s philosophy

that spacetime emerges in a system as a consequence of the system’s constituents,
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considered de Sitter’s space to be devoid of physical legitimacy— an interesting
mathematical exploration and nothing else. Weyl worked on a more sophisticated
interpretation of de Sitter space, teasing out its advantages in a physical context.
Divorcing the mathematical structures of the EFEs and de Sitter space from a naive
physical treatment of space and time, Weyl articulated a more explicit distinction
between Einstein’s solution and de Sitter’s solution. (Janssen 1998)

I have brought up (in the vaguest way) Weyl’s contribution to the Einstein-de
Sitter debate to introduce the intensely mathematical and philosophical nature of the
controversy. If one spends more time exploring this time period in the development of
cosmology (by visiting, for example, one or several of the texts referenced in this
section), one very quickly sees a pattern of philosophical objection (usually via Einstein)
and mathematical response. In many ways, the debate can be summarized by a question
very familiar to philosophers: can there be mathematical models that are entirely
independent of an external, empirical environment, and which do not, by nature of their
construction, correspond to any physically significant property? Einstein was convinced
that there were such mathematical structures, and that those could be dismissed from
cosmological relevancy on the grounds of foundational philosophical descriptions of
physics. The mathematicians, most notably Weyl and Felix Klein, were much more
tempered in their claims, eager to treat any mathematically valid solution to the EFEs as
physically legitimate, which is to say potentially physically realizable.

It was a combination of contributions by Alexander Friedmann and Lemaitre that
finally reworked de Sitter space as a non-static model of the universe, coinciding with a

growing atmosphere of cosmological speculation open to the idea of a non-static
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universe. (Kragh 1996, 13-14) In 1922, Friedmann proved that Einstein’s solution was
the only non-empty static solution in GR, and also that both Einstein and de Sitters’
solutions were discrepant with data on the observable universe.*® The paper was
explicitly a mathematical exploration of GR, and included demonstrations of cyclical
universes and a homogeneously expanding universe. Due in part to his isolation in the
newly formed and turbulent Soviet Union, and also due to his disinterest in the physical
meanings behind his GR mathematics, the eventual value of Friedmann’s expansion
equations was not realized in the majority of the physics community for several years.
(Kragh 1996, 23-27) In 1925, Lemaitre demonstrated how de Sitter space comes as the
limiting case when the average density of the universe tends to zero everywhere, and that
de Sitter space therefore corresponds to the behaviors of a non-static, expanding universe.
(Kragh 1996, 14) Later astronomical investigation by Edwin Powell Hubble introduced
observational data of the apparent velocities of galaxies (as a function of their distances
from Earth) that “may represent the de Sitter effect”.’' The discovery by Hubble that the
observable universe is expanding fit as evidence for budding theories about non-static
alternatives to Einstein’s model of the universe. The preliminary evidence invigorated
theorists and brought cosmology from mathematicians, back into the domain of physics,

circa 1929.%

3% «On the Curvature of Space”, Alexander Friedmann, reproduced in (Bernstein and Feinberg 1986, 49-
58).

31 «A Relation Between Distance and Radial Velocity Among Extra-Galactic Nebulae”, Edwin Hubble,
reproduced in (Bernstein and Feinberg 1986, 77-83).

321 have neglected in this section a discussion about the “Great Debate” in 1920 between astronomers
Harlow Shapley and Heber Curtis. Shapely argued that the Milky Way comprised the entire universe,
whereas Curtis thought distant nebulae were separate galaxies on distance scales well beyond earlier
reckoning. By the time of Hubble’s claims, the astrophysical community consensus was in favor of Curtis’s
arguments. In the development of this chapter, Ken Olum pointed out that this debate, which concerned the
scale of the universe and whether there were other galaxies comparable to the Milky Way, constitutes a
disagreement over cosmological issues. Nonetheless, I have chosen to exclude it from the body of the
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Kindling A Universe

Armed with Hubble’s data, Lemaitre saw reason to translate (and amend) his own
1927 paper from French to English in 1931, detailing an “intermediate solution” that
incorporated de Sitter-like effects in a non-vacuum universe like Einstein’s model
suggests. He accomplished this by establishing a homogeneous, closed universe (positive
curvature), such that static snapshots of the model matched Einstein’s model, but the
radius of the universe varied as a function of time. As a consequence, contrary to
Einstein’s original intentions, the density of the universe (uniform in space) in Lemaitre’s
model decreases over time. In the conclusion of his paper, Lemaitre reports that his
solution maintains a constant mass, distributed through the universe, related to Einstein’s
cosmological constant by an explicit formula. Additionally, the radius of the universe
increases without bound from some initial state at t, = 0 that can be computed based on
the observed rates of expansion identified by Hubble.™

Unlike most of the mathematicians-turned-relativists in the 1920s, Lemaitre
cherished the recovery of physical interpretations from the mathematical models, holding
the philosophical viewpoint that scientific progress corresponds to increasingly
comprehensive theories. Lemaitre developed his interests in general relativity because of
its ability to provide a unified framework for cosmology according to a hidden, simple
spacetime structure. (Kragh 1996, 28) In that context, Lemaitre cared deeply about the

origin of elements, which he thought came from the origins of the universe. (Bondi 1991,

chapter on the basis of its sociological context. To the best of my knowledge, the early GR cosmologists I
have mentioned in this chapter did not follow closely the data-driven debates of the contemporary
astronomers. One exception may indeed have been Lemaitre, whose fascination with astronomy may have
framed his cosmological approach. We will see more of this in the following section.

33 «A Homogeneous Universe of Constant Mass and Increasing Radius Accounting for the Radial Velocity
of Extra-Galactic Nebulae”, Georges Lemaitre, reproduced in (Bernstein and Feinberg 1986, 92-101).
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190) Importantly, Lemaitre’s cosmological model predated Hubble’s data, originally
reflecting his own familiarity with galactic survey data. His familiarity with
contemporary astrophysics relative to his peers shows his commitment to a physically
interpretable cosmology. While his model indicated the possibility of a Big Bang
scenario (where the radius of the universe goes to 0 at t, = 0), an easier physical theory
was something like a “cosmic egg”, where radiation pressure drives universal expansion
from an initial Einstein-like state of some non-zero radius with fixed, distributed matter.
Eventually, that expansion would result in an asymptotically de Sitter-like final state.
Lemaitre referred to the initial state of the universe as a “primeval atom”, and in the
1930s, many cosmologists appreciated his explanation of both the initial and end states of
the universe, finding each philosophically suitable as a global boundary condition.
(Kragh 1996, 56)

Ironically, while it was Lemaitre who brought the field of cosmology from its
static-solution origins to a class of non-static, expansionary models, it was Einstein,
building on Friedmann’s framework, who introduced the first Big Bang model, although
not explicitly. In 1931, Einstein gave up his earlier criticisms of Lemaitre’s expansionary
model and developed his own, which held that R — 0 as t — t,. The model had no
cosmological constant, unlike Lemaitre’s model. In 1932, Einstein partnered with de
Sitter to develop a maximally conservative cosmological model, including a spacetime
curvature of zero, zero pressure, and no cosmological constant, that nonetheless mapped
onto current observations of expansion. Like Einstein’s earlier model, this too predicted
an initial singularity, and later work showed that it was possible to compute a total age of

the universe according to the model. At the time, however, Einstein and de Sitter
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continued to ignore such a physical interpretation of the initial singularity. They believed
that the singularity was entirely devoid of physical significance; it was merely an
idealized mathematical artifact. (Kragh 1996, 34-35)

In the interest of saving space in this chapter, I must gloss over a fair number of
cosmologists who contributed to the development of the field, including Matvei
Bronstein, Richard Tolman, Edward Arthur Milne, Howard Percy Robertson, and Arthur
Geoffrey Walker. In the 1930s, relativistic cosmology began to develop into a diverse
field, with a burgeoning set of cosmological models all developed in the expansionary
framework. Most of these models belonged to a class of Friedmann-Lemaitre theories,
which describe the universe according to the Friedmann equations, in terms of the
spacetime curvature k, the cosmological constant A, Einstein’s gravitational coupling
constant k (or the Newtonian constant G), density p, and pressure p. The class of
Friedmann-Lemaitre models grew rapidly by varying these factors (excluding the
coupling constant k). All Friedmann-Lemaitre models are described by the Robertson-
Walker metric, in which the spacetime line element is ds? = c2dt? — R?(t)do?, where

R is the scale factor and the spatial part of the line element is represented as do? =

dr?
1-kr?

+ dB? + sin?0d¢? in polar coordinates. Today, FLRW cosmologies are

Friedmann-Lemaitre (FL) cosmologies that are described by the Robertson-Walker (RW)
metric. (Kragh 1996, 36-38) In 1935, Robertson and Walker each showed that all FL
cosmologies assume homogeneous and isotropic universes.

The conventionalism of the FLRW framework across various competing
cosmological models reduced the chance that confusion would emerge at the fuzzy

border between physical significance and mathematical architecture. Freed from the
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burdens that plagued mathematicians concerning the physical realizability of de Sitter
space in the 1920s, cosmologists began exploring the philosophical foundations of the
physical models they developed. It was in this more nuanced scientific view of
cosmology that Lemaitre’s steady expansion model could be teased into two opposing
philosophical views of the universe. The rivalry between the two positions defined
theoretical developments for three decades after Hubble’s discovery: either the universe
had an asymptotically steady origin, or it all started with a Big Bang singularity. Had
1930s era cosmologists had occasion to speak to 1920s cosmologists (quite possibly
earlier versions of themselves), the philosophical maturity of the former group would
likely horrify the latter group. In the 1920s, cosmology was a field of characterized by its
mathematical developments, unconstrained by physical interpretation for fear of absurd
speculation, or worse incoherence. By contrast, 1930s cosmology, rich with competing
mathematical models, saw the philosophical foundations of the science as a necessary

tool to prune the class of possible scientific theories.

Steady As She Goes

From the 1930s until the late 1940s, the conceptual framework beneath the FLL
models ruled as a philosophical hegemony. In 1931, Lemaitre published a letter in Nature
titled “The Beginning of the World from the Point of View of Quantum Theory”.
(Lemaitre 1931) In the letter, Lemaitre sketches a justification for how the universe might
have evolved from being “packed in a few or even in a unique quantum” of energy. In a
time when many cosmologists resisted the notion of the beginning of the universe and
quantum theory was still young, Lemaitre’s letter reoriented cosmology from its origins

in GR to its fundamental quantum constituents. GR solutions were well equipped to
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describe the global evolution of a large-scale universe, but they did not explain spacetime
on the scales dominated by the predicted effects of quantum theory, or even on the scales
of sub-galactic physics (recall that FLRW cosmologies operated on assumptions of
homogeneity and isotropy that break down at classical scales). Instead, Lemaitre
proposed that the origins of the universe behaved according to the philosophical
foundations of quantum theory, whereupon expansion (by some mechanism, which
Lemaitre attributed to the cosmological constant and others thought radiation) is
responsible for having brought the universe from the quantum regime to the scales
permitted by GR, allowing for local and astrophysical structure formation in the process.

Though the name “Big Bang” was not coined until much later in the 1940s, the
philosophical justification dates back to this time. (Parker 1993, 61) Since a paper by
Arthur Eddington in 1930 showed that Einstein’s static universe is unstable, Lemaitre’s
primeval atom was on equal footing with any other Big Bang explanation of the origin of
the development of the universe. (Nussbaumer and Bieri 2009, 164) The primeval atom
could not be eternally unchanging, according to Einstein’s model, before it begins to
expand; whether the primeval atom corresponds to a single quantum of energy or several
quanta, it would immediately become non-static. The realization that any universe
described by GR is perpetually dynamic gave rise to various speculative theories,
including that of the cyclic universe, proposed by Lemaitre and dismissed as
metaphysical by Eddington. Eddington preferred a “slow roll” (to borrow a term from the
1980s development of inflationary cosmology) expansion from an Einstein-like universe,
in which small disturbances accumulated for vast stretches of time. (Nussbaumer and

Bieri 2009, 170) Eddington’s proposal to avoid speculating about the beginning boundary
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condition of the universe was central in the development of the steady-state theory in the
late 1940s. (Parker 1993, 3) The controversy between steady-state theorists and Big Bang
theorists lasted until the middle of the 1960s, and exists today in a much-modified form.**

Big Bang theories, characterized by an unavoidable physical singularity marking
the start of spacetime expansion, conveniently match simple thermodynamic models of
entropy. Though the laws of thermal physics were developed as observed, statistical
behaviors of large systems of particles in the context of closed experimental systems, the
idea that the universe is one such system directly implies that the entropic arrow of time
and the cosmological arrow of time (the direction of expansion) are the same. As time
increases, the particles disperse in such a way that entropy increases. In this vein,
Lemaitre’s Big Bang theory was based on the notion that neutron decay increases the
total entropy of the universe. (Parker 1993, 61) Eventually, in Lemaitre’s theory, all
decay events will have already occurred, and the universe will stop expanding. In the
entropic view of the universe, the maximally entropic state of the universe would be the
end of the universe; Lemaitre’s Big Bang model fit this nicely.

After the development of the atomic bombs, George Gamow, one of the nuclear
physicists who worked on understanding the high-energy formation of elements via
fusion events, turned to the field of cosmology. Gamow noticed that the FLRW models
all feature high energy phases in the early universe, which would be populated by

radiation and fundamental particles subject to nuclear physics. Like Lemaitre, Gamow

** To read about the controversy from the underdog perspective, Facts and Speculations in Cosmology by
Jayant Narlikar and Geoffrey Burbidge provides an in-depth introduction to the steady state theory and the
contemporary (much more fringe) quasi-steady state theory that supplanted it. (Narlikar and Burbidge
2008) Narlikar and Burbidge were major players in the development of quasi-steady state cosmology. Fred
Hoyle, one of the creators of steady state theory who died a few years before the publication of this book,
had spent his later years working with Narlikar to develop the quasi-steady state theory, as it exists
currently.
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conceptualized a primeval atom whose main reagents were protons, neutrons, and
electrons, washed in a bath of radiation. Gamow figured that in the first five minutes of
the universe, the temperatures would well exceed the temperatures needed to sustain
nuclear reactions, and that as expansion cooled the universe, nuclear collisions would
occur at high frequency within the first half hour, leading to long-lasting fusion events.
(Parker 1993, 63) In 1946, Gamow published a short, easy to follow paper on the subject,
outlining how all of the elements could have arisen from the expansionary cooling of the
universe during a small region of time in the early universe. (Gamow 1946) It is worth
noting that Gamow, interested in the formation of elements and the application of early
cosmology to the field of nuclear physics, was uninterested in Lemaitre’s cosmological
model; Gamow never cited Lemaitre. (Kragh 1996, 122-123) In the context of the nuclear
age, the expansionary primeval atom finally had a true “bang”, a persistent nuclear
explosion lasting the first few minutes of the universe; in 1949, the phrase “Big Bang”
was coined. (Mitton 2005, 136)

The phrase came from a broadcast by Fred Hoyle™, another nuclear physicist
whose philosophical aversions to the Big Bang brought him into the field of cosmology.
Soon after Gamow’s preliminary 1946 paper, it became evident that the nuclear processes
of the early universe were insufficient to produce elements heavier than helium. (Parker
1993, 64) Hoyle, working with Hermann Bondi and Thomas Gold, developed an
alternative cosmological model that avoided an initial singularity. Calling it the steady
state theory, their model required a constant rate of matter production. The model

required that the universe be homogenous and isotropic everywhere in spacetime, a so-

%% In an interview many years later printed in Orgins: The Lives and Worlds of Modern Cosmologists,
Hoyle insists that he did not intentionally coin the phrase, but that he was looking for an illustrative
description of the theory while live on the radio broadcast. (Lightman and Brawer 1990, 60)
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called “perfect cosmological principle”, which extended the standard cosmological
principle of homogeneity and isotropy across space to also be invariant across time. In an
interview much later in his life, Hoyle described the development of the steady state
theory as a hesitant process spanning two years. Collaborating with Bondi, Hoyle
recommended that Bondi develop a Note (effectively, a literature review concerning a
field) on the state of cosmology, to fulfill a request to Bondi made by the Royal
Astronomical Society. Together, Hoyle and Bondi investigated the FLRW cosmologies,
which they found too narrow a breadth of possibilities. Around that time, Gold suggested
that a steady state universe model was philosophically preferable. (Lightman and Brawer
1990, 55)

Presumably, such a model (in co-moving time) would asymptotically approach a
singularity as t — —oo, without ever reaching such a physical state. Hoyle discovered a
mathematical mechanism to describe the continuous production of matter-energy as the
universe developed, which he felt was much more reasonable a concept than the
spontaneous production of all matter and energy at the moment of the Big Bang. The
method naturally gave rise to Gold’s steady state view. From there, the three of them
adopted the overall framework and developed the specific equations of the steady state
theory. (Lightman and Brawer 1990, 56-59) It was not until the 1960s that steady state
theory adopted the idea of an explicitly asymptotic solution, when Hoyle and Jayant
Narlikar explored the emergence of large scale homogeneity and isotropy in the universe
as a product of the steady, adiabatic expansion of space. They found that regardless of
initial conditions, the steady state model smoothes out any initial anisotropies and

inhomogeneities. (Hoyle and Narlikar 1963)
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In that paper and several others in the early 1960s, Hoyle and the others focused
on the role of Mach’s principle (as it was publicized by Einstein), and how it impacted
the distinction between the mathematical landscape of GR and the physical realization of
cosmological models. Mach’s principle, that inertial forces depend on the global structure
of the universe, is a principle of cosmology that is separate from the mathematics of GR.
Indeed, it is a principle that makes GR applicable to the domain of cosmology, because
cosmological theories require some explicit relationship between a global geometry of
the universe and the distortion of local inertial frames. Hoyle summarized: “You have to
add cosmological boundary conditions to general relativity.” (Lightman and Brawer
1990, 61)

The distinction hashed out by the steady state theorists provided new justification
for the value of philosophical reasoning in the selection of preferred theories: solutions to
the EFEs only constituted cosmological models when there were philosophically sound
interpretations of the solutions consistent with other conventions in physics. The steady
state theorists used this reliance on conceptual analysis as fodder for the debates between
Big Bang theories and steady state theories. As evidence from distant radio galaxies
accrued in the late 1950s implying that the universe viewed in high redshifts appears
differently than the universe in the present day, the Big Bang theory® was increasingly
favored. Shortly following, the discovery of high-redshift quasars meant that two distinct
astronomical sets of evidence converged on the notion that the aging universe disobeys
the perfect cosmological principle, and that the early universe manifests very differently

than the present universe. (Parker 1993, 66-67) The steady state theorists fought an uphill

3% From here onward, I use the phrase “Big Bang theory” as a general catchall for cosmological theories
that both are time-varying and begin with a hot, dense early phase.
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battle, arguing increasingly for the conceptual appeal of their theory in spite of growing
astrophysical indication that the universe was highly non-invariant with respect to time.*’
The starkest evidential disparity between the steady state theory and the Big Bang
theory concerned the Cosmic Microwave Background Radiation (CMB). As first
discussed in 1948, the Big Bang theory predicts that the universe is in a bath of radiation,
left over from a period of the early universe known as the period of recombination and
subsequent photon decoupling. (Kragh 1996, 123) In the highly energetic early universe,
there were no stable neutral atoms, and space was densely packed with electrically
charged particles that formed an opaque fog across the universe. Photons were unable to
travel large distances in the vacuum, instead being constantly absorbed and reemitted by
the soup of charged particles. As the universe expanded and cooled, neutral atoms formed
that could no longer absorb thermal radiation, and so the fog cleared and the universe
became transparent. The period in the early universe when neutral atoms formed is
known as the recombination epoch. Now free to traverse large distances in the vacuum,
photons decoupled from the massive particles, and those initial scattered photons, now
low energy and highly redshifted in the process of expansion, form a background thermal
radiation everywhere in the observable universe. The radiation signal, according to the
Big Bang model, is very close to an ideal blackbody spectrum. The current (circa the past

century) expected value for the temperature of the thermal background radiation (the

37 Another major success of the Big Bang model concerned an explanation of early universe
nucleosynthesis, wherein the stellar model of the production of light elements includes a large correction
factor. Big Bang nucleosynthesis precisely solves the discrepancies between stellar theory and the
abundance of trace observations of light elements everywhere in the sky. Since the steady state theorists
also incorporated these observations into their theory development, I see no reason to dwell on the role of
nucleosynthesis in the confirmation of the Big Bang theory over its principle competitor, despite the
particular predictions made by Big Bang nucleosynthesis. Nonetheless, it appears constantly in the
historical debates. Gamow, along with his student Ralph Alpher, originally developed the idea in an article
in Physical Review entitled “The Origin of Chemical Elements”, before Hoyle described the stellar model
of nucleosynthesis. (Alpher, Bethe and Gamow 1948)
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peak of the blackbody spectrum) depends on a more sophisticated Big Bang model, based
predominately on increasingly articulated astronomical observations of the rate of
expansion, as well as on a more nuanced understanding of high energy particle physics
and photon decoupling.*®

The discovery of the CMB, while incontrovertibility a story of data-driven
evidence deciding the popular debate among cosmological theorists, cannot be decoupled
from the theoretical landscape of the time. Failure to recognize the role of theory in the
discovery would force us to attribute to accident a historical instance of proper scientific
procedure. It is a popular fact in the history of cosmology that Arno Penzias and Robert
Wilson of Bell Labs reported the first observation of the CMB in 1964. The story usually

unfolds in the following way:

Penzias and Wilson were developing a highly sensitive radio antenna meant for practical
application. Needing to isolate very weak signals from a cacophonous background of
electromagnetic noise, the two astronomers systematically developed strategies to remove the
noise, based on the nature of the noise (e.g. whether the noise was due to heat from the receiver, or
from standard radio broadcasting signals, etc.). Their efforts were in vain, however, because a
monstrous, uniform electromagnetic snow assailed their receiver despite all their efforts. They
determined that the signal was likely extragalactic, but left it at that. It was only thanks to a friend
of Penzias, MIT professor Bernard F. Burke, who mentioned a preprint paper from Princeton
speculating on the possibility of the CMB, that Penzias made the Princeton contact and the

conceptual connection. A year later, two papers, one theoretical and one observational, solidified

¥ Weinberg’s 2008 Cosmology provides an excellent chapter on the CMB. The first three sections of
chapter 2 describe the physics in this paragraph with much more nuance. Sections four, five, and six of
chapter 2 look at how anisotropies and irregularities in the CMB can be analyzed to extract more intricate
data about the period of last scattering, or the end of the recombination epoch. (Weinberg 2008)
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the theory of the Big Bang. Several decades afterward in 1978, Penzias and Wilson won the Nobel

Prize for their discovery.”’

The story is cute, driving home the “Eureka!” moment of discovery, not at the time of
recording data, but as a surprising coincidence and solution to a technical problem. This
version of the story hinges the realization of the Big Bang theory on chance, implying
that the collapse of the steady state-Big Bang controversy was precarious. If such were
the whole picture, then it should make philosophers uneasy about the fickleness of theory
selection in such a generally underdetermined field as cosmology circa the 1960s.

Fortunately, a different telling of the story rests the pillars of history on more
consistent philosophy. Instead of focusing on Penzias and Wilson, I will focus briefly on
two separate stories: the work of Gamow and his students, post-WWII (discussed earlier),
and that of Princeton University in the early 1960s. The need for the discovery of
evidence, and the potential availability of the evidence, as it turns out, floated in the air
for nearly two decades. Only when the theory had sufficiently matured did the Princeton
team recognize data as evidence. The timing was not accidental, but understandable given
its surrounding history.

When Gamow worked on his model of an explosive Big Bang, an immediate
consequence of the cooling would be a leftover bath of radiation. In the summer of 1948,
Gamow’s student Ralph Alpher (with the help of his colleague Robert Hermann)
published a paper mentioning a residual radiation estimate of about 5 Kelvin, left over
from the disassociation of the deuterium (a heavy hydrogen isotope) nuclei as the
universe cooled. (Alpher and Herman 1948) While the following few years witnessed

wildly varying adjustments to the initial prediction of the temperature, they all

3% See Weinberg’s The First Three Minutes pages 45-49 for one instance of this account. (Weinberg, 1977)
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corresponded to wavelengths in the microwave regime. (Parker 1993, 120) Definitely by
the time of the CMB discovery, the three had settled on a prediction of 5 Kelvin. (Alpher
and Herman 1990, 139) Gamow enjoyed popular discussions about the existence of
“relict radiation”, though he believed its signal would be drowned out by near-Earth
starlight radiating at similar energy densities. (Alpher and Herman 1990, 146) Alpher and
Hermann were more committed to the rigor of the analysis; their predictions never
deviated more than a few Kelvin as they refined their analysis.*

During this time, news of Alpher and Hermann’s predictions (as well as Gamow’s
predictions) occupied a reasonable amount of the community discourse. Press releases on
the subject came from the American Physical Society starting after a conference in 1949,
and continued for some time. In 1964, prior to the publication of the detection of the
CMB, Igor Novikov and A. Doroshkevich published their own predictions of a cosmic
microwave background at intensities far greater than other galactic and extragalactic
signals in the same range. In the paper, they suggested an apparatus (unknowingly much
like the radiometer causing confusion at Bell Labs at the same time) to detect the signal.
Notably, Novikov and Doroshkevich included citations to the Gamow team’s predictions
of the CMB, and did not mention the contemporary work coming out of Princeton, led by
Robert H. Dicke and Jim Peebles. (Alpher and Herman 1990, 147)

Steven Weinberg’s now-famous The First Three Minutes, a book dedicated to the
science of Big Bang cosmology circa 1977, spends eight pages on a “historical

diversion”, trying to explain how the CMB was missing evidence for about 15 years. On

0 One famous exception to the consistent 5 Kelvin prediction was a 28 Kelvin prediction made by Alpher
and Hermann based on new data about the current mean density of the universe. That data was later
rejected on the basis of calculation error, though the correction was discovered after Alpher and Hermann
had published their adjusted calculation.
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the one hand, Weinberg notes that the technology to detect radiation at a temperature of 3
Kelvin could have existed as early as the 1940s, and definitely by the start of the 1950s.
(Weinberg 1977, 126-127) On the other hand, cosmology was still a field too separate
from astrophysics to register on the radar of the latter field’s experimentalists; cosmology
in general was not taken seriously. (Weinberg 1977, 131) Furthermore, the application of
nuclear physics to early cosmology required so many unjustified idealizations that many
cosmologists saw no need to trust the calculations enough to search for the data.
(Weinberg 1977, 128) Weinberg does not mention an interesting coincidence that
occurred and was publicized during World War II. Walter S. Adams and Andrew
McKellar produced papers noting observed rotations of CN (cyanogen) radicals in
interstellar space. Running quantum mechanical calculations, the two independently
concluded that there was strong evidence in favor of a background thermal temperature
around 2.3 Kelvin permeating interstellar space. (Today, similar methods have allowed us
to calculate the CMB in the present day with high precision to be 2.796 Kelvin.) (Alpher
and Herman 1990, 148) The fields of astrophysics and cosmology were so separate, the
former viewing the latter with dismissal, that data-driven evidence for the CMB (albeit
indirect evidence) went unknown for decades in the context of cosmology.

Unbeknownst to Gamow’s team, Dicke first directly measured the background
temperature of the sky as early as 1946, with a radiometer he had just helped invent.
(Parker 1993, 121) His team concluded that “radiation from cosmic matter at the
radiometer wavelengths” accounted for a background temperature up to 20 Kelvin.
(Dicke, et al. 1946) Surprisingly, Dicke too seemed to have forgotten this portion of his

past by the 1960s. In 1964, speculating that observable radiation would be left over from
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the hot dense early state of the universe, Dicke teamed up with his Princeton colleagues
P. G. Roll and D. T. Wilkinson to build a low-noise antenna on the roof of their lab. On
the theory side, Dicke inspired Peebles to calculate the present temperature of the
background radio noise. In 1965, Peebles gave a talk on his calculations, citing a
temperature of 10 Kelvin. Peebles did not mention that the technology to measure such a
signal was achievable, or that Dicke and the rest of the team were hard at work designing
a receiver capable of the necessary observations. Ken Turner attended this talk, an
astronomer who was friends with Burke. In a conversation with Burke, Turner happened
to mention the pre-print paper that motivated Peebles’ talk. (Weinberg 1977, 50) From
there, the story of happy coincidences fell into place.

Meanwhile, Peebles and Dicke refined their theory. Nuclear reactions in the hot,
dense universe would have resulted in significantly less hydrogen than we observe today,
fusing the hydrogen atoms into progressively heavier elements. An intense bath of
radiation corresponding to a high temperature, however, would cause the hydrogen atoms
to spread apart fast enough to avoid further collisions and fusion events. Peebles
developed an explicit relationship for the relative rates of helium and hydrogen
production as a function of radiation temperature. He used the function to derive a
radiation temperature given the observed molecular abundances, and concluded that this
temperature corresponded to a certain epoch of the early universe. (Weinberg 1977, 50-
51) From then, the radiation would have cooled in proportion to the size of the expanding
universe, or corresponding to the redshift of the frequency of the radiation. In Peebles’
calculations, the CMB grew from an accidental consequence of the fiery Big Bang to a

necessary feature of later developments. The expected temperature was constrained by
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the observed abundances of elements, as well as a rich theoretical story of the nuclear era
of the universe.

Prior to 1964, early universe cosmology was not taken seriously, largely because
the theoretical structures were so speculative. Suddenly, the predictions stemming from
cosmological theory seemed much more targeted. Lo, data followed in lockstep. As
increasing measurements of the CMB established large-scale uniformity everywhere in
the horizon, the theory of the Big Bang became the first landmark of the eventual A-CDM
cosmology, the standard cosmological model that solidified in the 1990s. In the larger
context of theory development, Peebles and Dicke heralded wide interest in the field of
cosmology by developing new theory: namely, we might say that they are responsible for
taking the vague notion of a radiation bath and articulating a clear scientific object:
background radiation in the universe. They developed theoretical connections between it
and other elements of Big Bang theory, including Big Bang nucleosynthesis,
recombination, and expansion. The data supporting the CMB only provided a direct
evidential edge between astronomy and that final point in the Big Bang theory: the
expansion of the universe causes relic radiation to redshift into the microwave spectrum.
The success of Big Bang cosmology and its subsequent adoption by nearly all of the
cosmological community is a consequence of many more convening theoretical
connections.

Before leaving the time period, it is important to note several philosophical
features of the cosmological landscape at the time. Peeble’s calculations were developed
in the context of the cosmological principle, even if not explicitly. The assumption was

that the universe, at least at the time of the last scattering, was homogenous and isotropic.
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Otherwise, the thermal expansion would not lead to a prediction of background radiation
everywhere in the sky. The converse of this turned out to be quite fruitful: the observation
of a largely uniform CMB indicates that the cosmological principle is justified in the Big
Bang theory, at least from the time of last scattering onward. Though not discussed at the
time according to these terms, I believe this philosophical point, in combination with
Peeble’s use of both nuclear physics to justify the existence of the CMB and the
astrophysical element abundances to constrain it, to have been the deciding factor
between the Big Bang theory and the steady state theory. Unlike the steady state theory,
the Big Bang theory had established empirical support for a philosophical assumption
that represented the degree of speculation inherent in cosmology to date. The successful
observation of the CMB, as predicted by Dicke and Peeble’s version of the Big Bang
theory, conferred support for a theory of cosmology that mediated claims made across
disciplines in particle physics and astrophysics. Furthermore, the data constrained the
philosophical assumptions underlying the Big Bang theory, which was not the case with
the perfect cosmological principle in steady state theory.

While the new discovery did nothing to discourage the theory of eternal, cyclic
Big Bangs (a theory that Dicke supported at the time, wherein the universe is punctuated
by big bang expansion events and big crunch collapse events), steady state theory never
recovered. Even when its proponents adjusted the theory to accommodate the CMB
(attributing the microwave radiation to resonating iron filaments distributed throughout
the universe), the modified steady state theory lacked the conceptual rigor that the Big

Bang theory now possessed. The conceptual war had been won.
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Economics And (Cosmological) Inflation

Weinberg’s 1977 The First Three Minutes and the 1978 Nobel Prize awarded to
Penzias and Wilson are very telling of the history of cosmology at the time. Since 1964
(or perhaps since WWII), Big Bang cosmology had slowly matured into a nearly
astrophysical discipline. Observational cosmology was in fashion, and theory was spent
developing increasingly high fidelity descriptions of the early stages of the universe. In a
harsher sense, cosmology was relegated to the cutting-edge theorist’s closet. In the US,
by 1977, remarkably few graduate students in the past several decades had studied
General Relativity, the core theoretical framework underpinning cosmology. The field
was dismissed as too speculative by mainstream physicists, even while the Big Bang
theory grew increasingly commonplace in the opinion of astrophysicists. In 1966, a report
by the Physics Survey Committee of the National Academy of the Sciences was released.
It outlined the appropriate steps needed to grow the entire discipline of physics, slighting
relativists and cosmologists by failing to mention them at all. Instead, these two groups
were assumed to be under the domain of astrophysics, which was also the least
emphasized in the report. Astrophysics was recommended the lowest increase in funding
of any of the sub-disciplines in physics, corresponding to a 14% increase in the number
of practicing researchers. By contrast, the same report recommended that the funding
toward particle physics and the number of full-time post-doctoral researchers in particle
physics each double over the following three years. (Kaiser 2006, 541)

After WWII, researchers in nuclear physics took their knowledge of particle
collisions and applied it to the first few minutes after the Big Bang. As it turned out, the

increased attention toward particle physics in the late 1960s and 1970s resulted in similar
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cosmological interest. In 1973, several particle theorists uncovered a property of certain
field theories that they named “asymptotic freedom”, which earned them the Nobel Prize
in physics in 2004. At high energies or short distances, interactions between particles in
these field theories weaken asymptotically, rather than grow infinitely strong. At high
energies, therefore, fields effectively decouple from each other. At the time, particle
physicists were interested in developing an adequate theory of the strong force between
quarks and gluons in protons and neutrons. The energy levels needed to decouple quarks
far exceed the energy ranges that experimental particle physicists had achieved at the
time. Theoretical physicists began searching for more energetic environments.

Over the following year, asymptotically free field theories motivated talk about
Grand Unifying Theories (GUTs). Particle theorists now had detailed quantum theories of
electromagnetism, the weak nuclear force, and the strong nuclear force, which
traditionally comprised the three fundamental forces of nature (disregarding gravity).
GUT theorists realized that these three forces would be equal at high energies, and they
reasoned according to symmetries in the field theories that at energies above the
equilibrium point, the three fields would manifest as one indistinguishable force. The
energy levels needed to investigate even the most relaxed GUT models are over a trillion
times higher than the best particle accelerator at the time, and are still about a trillion
times higher than the best particle accelerator today. Placing their hopes in natural
experiments instead of laboratory experiments, particle physicists grew curious about the
Big Bang model of cosmology. The hot, dense state of the universe at some point in its
history (well within the first second) would have cooled across the equilibrium point,

spontaneously breaking the symmetry of the grand unifying field and forming the three
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distinct fields. From a time of about 10™*3 seconds until then, particle physicists
reasoned, features of the universe would have been decided according to specific details
of the GUT. (Bernstein and Feinberg 1986, 226) Particle cosmology became a way to
dream about locating evidence for certain GUT theories. (Bernstein and Feinberg 1986,
219) Aside from burgeoning interest in cosmology, cutting-edge GUT particle theorists
were left with seemingly little work to pursue.

The most valuable contribution to cosmology by particle theorists in the 1970s
was the punctuated equilibrium of phase changes in the universe. In statistical physics, as
the temperature of a thermal system increases or decreases, there are discontinuous
changes in state properties of the system, such as its density, entropy, and specific heat.
Applied to the universe as a single system, the system population comprised an unknown
combination of quantum fields at varying energies. Some of those fields were called the
Higgs fields, which are scalar fields that exist at every point in the universe.*' Focusing
only on the ground state of the sum of the Higgs fields, theorists explored the effects of
cooling (expansion) on the expectation value of the fields at various points. The equations
describing the Higgs fields allow for non-zero “vacuum energy” solutions that have fewer
degrees of symmetry than the equations themselves, corresponding to non-zero ground
state energies in the fields. When these solutions are met by physical conditions,
spontaneous symmetry breaking occurs, directly analogous to certain types of phase
changes in statistical physics. At high temperatures corresponding to early stages of the
universe, theorists noted that spontaneous symmetry breaking would not likely occur, and

that the expectation values of the Higgs fields would be zero everywhere. The early

*! These days, the Higgs field picks out one particular scalar field, and other possible scalar fields are
treated generically without a unifying name. This evolution of nomenclature happened somewhat slowly,
but certainly had already happened by the 1983 for reasons that will become clear later in this section.
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universe had more symmetries than the present state. (Bernstein and Feinberg 1986, 220-
221)

The notion of cosmological phase changes and spontaneous symmetry breaking in
the very early (high temperature) universe encouraged the GUT particle theorists in the
late 1970s to start piecing together a narrative of the short time period before the universe
cooled into the nuclear age. As the universe changes phases, the energy difference
between the two phases must be introduced into the system either in the form of newly
created particles or increased average kinetic energy of extant particles. This energy
difference is especially dramatic in cases of super-cooling or super-heating, wherein
phase changes are suppressed at conventional temperatures. The analogy between
statistical physics and quantum field theories breaks down here. In the case of the Higgs
fields, the energy associated with phase changes affects the expectation value of the sum
of the ground states, corresponding to discontinuous quantities of vacuum energy. Since
vacuum energy refers to the ground state of the scalar field everywhere, it resists the
gravitational attraction of bodies in the field. (Bernstein and Feinberg 1986, 221) Recall
that Einstein’s cosmological constant A exclusively served the same purpose. Einstein’s
A, a measure of the average vacuum energy in the universe, could now be understood in
some models as an emergent feature of the Higgs fields, tying the entire history of
cosmological theory development to the landscape of contemporary particle theory. The
realization that different phases in the early history of the universe correspond to different
values of A meant that the ratio (0, took on different values at different points, and that

the rate of expansion was neither constant nor continuous.
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The final major consequence of phase changes in the very early universe is the
formation of topological defects in space such as long, one-dimensional cosmic strings
(not to be confused with the small one-dimensional objects in string theory) or point-like
magnetic monopoles. Also conceptualized in the 1970s by particle theorists, spontaneous
symmetry breaking does not have to actualize evenly across spacetime in the case of non-
simply connected vacuum field topologies. When a non-simply connected scalar field
(such as the Higgs fields) undergoes a phase transition, defects appear, analogous to the
development of imperfections in the crystallization of solidifying liquids. In the case of
the Higgs field, theorists predicted that there would be high densities of super-heavy
magnetic monopoles across space associated with cooling in the very early universe. In
November of 1979, a paper by John Preskill, a graduate student at Harvard at the time,
appeared in the Physical Review Letters showing that the total mass of expected magnetic
monopoles in the present universe greatly exceeds the total estimated mass of the
universe according to the Big Bang model at the time. (Preskill 1979) To GUT particle
theorists, this was a great crisis that threatened the optimism surrounding GUTs. They
searched for adjustments to cosmological theory that would preserve both the conceptual
framework behind GUTs and the empirical richness of the Big Bang narrative. (Bernstein
and Feinberg 1986, 224)

Alan Guth, a post-doctoral researcher involved in particle theory, found himself in
need of new projects by the end of the 1970s. In his memoir/popular science book The
Inflationary Universe, Guth describes in detail his transition from lattice gauge theory to
GUT particle physics, which by the end of the 1970s was tied to cosmology. A post-

doctoral researcher in particle physics, Guth lacked background in the fields of general
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relativity and cosmology. In 1979, stimulated by the developing problem of monopole
production in the very early universe, he began to teach himself Big Bang cosmology to
run calculations on monopole annihilation mechanisms in the evolution of the universe.
(A. Guth, The Inflationary Universe: The Quest for a New Theory of Cosmic Origins
1998, 147-149) Less than a year later, with the monopole problem fresh on his mind, he
submitted an article to the Physical Review D journal entitled “Inflationary Universe; A
possible solution to the horizon and flatness problems”. (A. Guth 1981)

In the article, Guth writes to an audience of cosmologists, symbolic of a new era
of research interest in cosmology. The title of the article addresses two outstanding
conceptual difficulties in cosmology. While Guth discusses the lack of monopoles (what
motivated him to learn about cosmology) in the body of the article, it is underemphasized
as a particle physics aside, compared to the two quintessential cosmological issues. The
horizon problem follows from the homogony of the CMB. Recall that distant regions
opposite each other in the observable universe occupy separate causal patches of
spacetime. In the Big Bang model, there is no adequate explanation for the consistency of
the CMB signal across causal patches. At the time of Guth’s article, Big Bang
cosmologists were forced to presuppose a highly uniform universe by coincidence. The
flatness problem concerns the ratio of the sum of all energy densities in the universe to
the critical density, and its observed value near 1. If the computed value deviated a tiny
percentage from 1, large-scale structure formations in the universe would not have been
possible. Either the rate of expansion would dominate the effects of gravitational
clumping, or the rate of expansion would be too little to combat the tendency toward

universal gravitational collapse. For the universe to be both old and populated by galactic
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structures, Y; ), = 1; the universe, in other words, is fine-tuned to fit observations. Like

the horizon problem, the flatness problem was not a logical problem in the Big Bang
model, but an uncomfortably convenient coincidence.

Guth argues in the paper that an inflationary epoch in the very early universe
absolves the Big Bang of the three major empirical issues. Although the horizon and
flatness observations are not strict logical problems in the Big Bang theory and monopole
production could be exaggerated in the highly speculative GUT models, a model of the
universe after the era of unknown quantum gravity and before Big Bang nucleosynthesis
would ground the three observational oddities on solid theoretical footing. With the
publication of the paper, inflationary cosmology took hold of the cosmological
community. The rest of the chapter will consider, in historical order, the mechanics of
Guth’s “old inflation”, Andrei Linde’s “new inflation” (slow-roll inflation), and Linde’s
“chaotic inflation”. In the context of chaotic inflation, a large class of inflationary
models, we will look at evidence supporting the inflation paradigm. The section will end

with brief mentions of contemporary alternatives to inflation.

Guth’s model of inflation dominated for about a year from his first
announcement of the concept, before critical flaws in the theory spawned “new inflation”.
“Old inflation” came to Guth by way of the magnetic monopole problem. Convinced that
a super-cooled phase transition would stymie the excessive production of monopoles in
the Big Bang model, he needed a potential energy distribution of the combined Higgs
fields with the correct shape to allow for super-cooling. He took a traditional Mexican hat

potential and indented the top, which allowed for a high-potential stable solution. The
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indent referred to a false vacuum, where vacuums are the state of lowest possible energy
density or the absolute minimums of an energy density graph, and false vacuums are
local minimums. Guth reasoned that the universe occupied that false vacuum state for a
period of time, during which the universe super-cooled. Eventually, regions of the
universe spontaneously changed phase, tunneling (quantum mechanically) through the
potential wall and bubbling out in the true vacuum. As those bubbles nucleated, the
energy previously stored within the Higgs fields would heat up the region, reproducing
the high energy conditions required for the production of subatomic particles in the Big
Bang model.

With this proposal, Guth began calculations to study the gravitational behavior of
the universe suspended in the false vacuum. In a false vacuum region, the energy density
reflects the scalar value of the Higgs fields, rather than the frequency of oscillations in a
field or the number of corresponding particles. As a consequence, cosmological models
of expansion do not affect the value of the Higgs fields; the energy density of the region
remains constant as the false vacuum region expands. Since the energy density is constant
over an increasing volume, there is a negative pressure equal to the energy density
(adjusted for the same units) that would act as an attractive force on outside bodies. In
Guth’s picture, the universe is entirely within the false vacuum state, so he was not
concerned with the outside force of attraction. Within the false vacuum though, Guth
realized that the negative pressure results in a negative gravitational field, which is to say
a gravitationally repulsive force between bodies, three times the strength of standard
gravitational attraction. Guth calculated that the universe featured exponential rates of

expansion due to the gravitational repulsion. (A. Guth 1998, 169-172) Earlier, I
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mentioned the connection between the resistive force of vacuum energy and Einstein’s A;
in the false vacuum, A is fantastically large. For most GUT models, this expansion rate
corresponds to a doubling time of 10737 seconds. Every 10737, distances double along
every spatial axis. (A. Guth 1998, 173) Guth’s exponentially expanding model of the
false vacuum matched de Sitter’s GR vacuum solution from the 1920s.* The rapid
expansion, dubbed “inflation”, provides an explanation for the relative flatness of the
universe in the present day while also implying that the universe was sufficiently small in
the early stage that today’s causal patches overlapped before the production of the CMB.
Furthermore, the degree of expansion significantly lowered the relative density of
magnetic monopoles to nearly zero across the universe.

Unfortunately, as soon as inflation gained traction in the cosmological
community, Guth and others discovered a problem with it, ultimately solved by Linde.
The rate at which regions of the universe tunneled out of the false vacuum was too slow
for the bubbles to percolate across the exponentially increasing domain. Instead, either
the theory could not produce the large-scale uniformity of the observable universe, or the
theory predicts that the observable universe is within a single bubble that lacked the
thermalization between bubbles needed to reproduce the conditions suitable for large-
scale structure formation in the Big Bang theory. Interestingly, this “graceful exit”
problem was known and unsolved at the time that Guth submitted his first article on
inflation for publication. Much of the progress in cosmology during the early 1980s

existed on a parallel, more quickly moving plane than the sequence of publications on the

2 Around the same time, Soviet cosmologist Alexei Starobinsky published an article in Physics Letters B
arguing that the initial singularity of the Big Bang could be avoided in a de Sitter model of the very early
universe very similar Guth’s inflationary cosmology. This was not widely publicized, and none of the
major theorists in the US were familiar with it. The paper was “A new type of isotropic cosmological
models without singularity”. (Starobinsky 1980)
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subject. By the time Guth published a formal and complete account of the graceful exit
problem, it was in defense of a new model originally proposed by Linde so as to avoid
the problem altogether. (Guth and Weinberg 1983)

Linde’s “new inflation”, found independently by Andreas Albrecht and Paul
Steinhardt, showed how the observable universe can reside in a single nucleated bubble,
if the energy density distribution of the Higgs field corresponding to inflation were
flattened in the center. Whereas Guth’s model supposed an energy density distribution in
the shape of an indented Mexican hat, Linde’s model required a low central peak with no
semi-stable false vacuum region. Instead of tunneling out of the false vacuum, the region
begins at the top of the potential peak of a Higgs field and slowly rolls down the slope.
The energy stored in the Higgs field is introduced to the universe via newly formed
particles within the universe through the process of reheating.* When the potential hill
becomes steep, inflation ends and reheating gives way to the standard Big Bang model.
(Linde, A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems 1982) In Guth’s
The Inflationary Universe, he simultaneously describes Linde’s new inflation as obvious
and ingenious. When he heard the news, his response was, “how did I miss it?”” (A. Guth
1998, 204)

Incidentally, Guth provides a description of how he missed it in the prior few
pages, though the underlying explanation is more nuanced. Guth, working with Erick
Weinberg, had considered the notion that the observable universe resides within a single

nucleated bubble. (A. Guth 1998, 202-203) They concluded, in the context of typical

# In tracking the evolution of the nomenclature, it is interesting to note that Linde still uses “Higgs field” to
denote any scalar field in his paper on new inflation. To denote the particular field that today we know
exclusively as the Higgs field, he uses the phrase “classical Higgs field”.
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models of the Higgs fields, that the bubble would insufficiently seed the large-scale
structures of the observable universe. According to the properties of most Higgs field
models, the one-bubble universe would be “far too empty to bear any resemblance to the
real universe.” (A. Guth 1998, 203) Linde’s paper describing new inflation reached the
same conclusion for typical Higgs fields. Unlike Guth and Weinberg, Linde turned the
problem on its head and searched for Higgs field models that would allow for a one-
bubble universe. Guth and Weinberg, both particle theorists new to cosmology, saw no
reason to alter the mechanics of their particle theories to develop an improved model of
cosmology. Linde, educated in the Soviet Union where particle physics and cosmology
were historically grouped together, did not privilege either field over the other. Similarly,
Albrecht was a cosmologist by education and Steinhardt arrived at cosmology after
primarily focusing on condensed matter physics. Since models of the Higgs fields were
speculative in particle theory, these three had no qualms inferring particle theory via
cosmology. Guth and Weinberg were blind to the possibility, even as they grew more
comfortable with cosmology.

Like with old inflation, new inflation became out of date nearly as quickly as it
was developed. In 1983, Linde supplanted his own slow-roll model of inflation with a
more generalized model of chaotic inflation. (Linde, Chaotic Inflation 1983) In the slow-
roll model, Linde required that the universe start at sufficiently high temperatures and in
thermal equilibrium to induce inflationary expansion. The required energy density
distribution of the Higgs fields greatly restricted the theory. By contrast, Linde’s chaotic
inflation is more robust, allowing for many different energy density distributions of a

scalar field that could be either the Higgs field or some other hitherto undiscovered
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inflaton field, so long as the field was larger than a Planck unit.** To denote this
conceptual change, Linde’s paper on chaotic inflation does not mention the Higgs field at
all. Instead, he builds a theory of “scalar field ¢”. (Linde, Chaotic Inflation 1983) The
symbol had not changed, but the mention of Higgs had been removed. Any chaotic
distribution of a large scalar field produces de Sitter expansion, which is characteristic of
inflationary scenarios. The fields nucleate bubble universes according to the chaotic
distributions that follow the traditional Big Bang model. In the chaotic model, given an
open universe, some regions will never undergo inflation, while others experience eternal
inflation. Regions whose scalar field potentials disallow inflation are very small, while
the landscape of eternal inflation gives rise to an infinite number of bubble universes.
Overall, chaotic inflation took a targeted model of the very early universe (new inflation)
and generalized its prerequisites. The effect of the discovery was to enshrine the
mechanism of inflation as an explanation of various cosmological principles and
observations, regardless of the particulars of a given inflationary theory, or given new
theories of GUT particle physics. He ends his paper noting that: “This suggests that
inflation is not a peculiar phenomenon which is desirable for a number of well-known
reasons, but that it is a natural and may be even inevitable consequence of the chaotic
initial conditions in the very early universe.” Inflation was no longer a single theory to
interpret evidence; inflation was the primary intersection of particle physics and general
relativity in the context of the Big Bang model.

On the surface, the generality of inflation seems to induce a crisis of predictive

power. Eternal inflation includes an infinite number of bubble universes, described

* The realization that inflation might be driven by an entirely new, poorly understood field, named the
inflaton, arose partly out of the Nuffield workshop in 1982, between the development of new inflation and
chaotic inflation.
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collectively as the multiverse. Calculating meaningful predictions and likelihoods of
observations in the multiverse is difficult, given the ambiguities present in the infinite
landscape. The mathematical apparatus to normalize infinite samples is a measure.
Unfortunately, there are many mathematically valid measures, so the selection of the
measure cannot come from mathematical reasoning alone. Traditionally, measures are
developed in a set to yield pre-existing intuitions about the set, which is in contrast to the
classical notion of science. The difficulty finding an appropriate measure of the
multiverse is known in the literature as the measure problem (not to be confused with the
measure problem in quantum mechanical wave collapse). Lacking an appropriate
measure, cosmologists cannot have confidence in the predictions they make.
Additionally, chaotic inflation has given rise to hundreds of individual
inflationary models, each possessing unique features concerning the underlying
symmetries in particle physics, the nature of the inflaton, or other explanations for the
eventual formation of large-scale structures. These models are so diverse that it is unclear
whether any cosmological evidence could uniformly dismiss them all. Every indication is
that inflation is too robust to be falsified, except through an overhaul of our
understanding of foundational physics (particle theory and gravity). Lacking such
theatrics, astrophysical and cosmological data can only guide how we think about the
inflationary mechanism. To make sense of this, consider the evidence usually supplied in
favor of the inflationary paradigm, and also the latest develops with the BICEP2 team.
Over the past couple decades, proponents of inflation claim that the presence of
inflation in the early universe explains the large-scale homogeneity and isotropy of the

observed universe, the observed flatness of the universe, the lack of observed magnetic
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monopoles, as well as the appropriate early seeds of large-scale visible structures in the
universe. Since inflation was first proposed, increasingly detailed analyses of the CMB
have established that the universe is flat, most recently to within .4% error, and that the
universe is homogenous and isotropic to a high degree. (Hinshaw, G.; WMAP 2013) The
continued deficit of observed magnetic monopoles is treated as evidence in favor of
inflation, given that no new particle theory has been developed that quells the expected
frequency of monopole production.

The last of the list — that inflation seeds large-scale structures in the universe —
requires more background to understand its value. In the standard model of the Big Bang,
the universe is assumed to be approximately homogenous, but locally heterogeneous.
Gravitational clumping would favor certain regions of space, creating a non-linear
feedback that produces large structures. Unfortunately, the standard model required
uniformity to be fixed far too early in the history of the universe, such that the present
day universe would appear too smooth, and insufficiently clumpy. After the advent of
inflation, theorists soon realized that its most salient contribution to outstanding questions
in cosmology concerned the formation of structures. (Smeenk 2012) Inflation provides a
direct line of access to an early universe small enough for quantum fluctuations in the
vacuum to perturb the seeds of large-scale structures. Unlike the many phenomenological
attempts to describe the formation of structures, inflationary fluctuations could allow
theorists to calculate the initial distribution of energy densities from more fundamental
inflationary principles. Matching these early perturbations to behaviors common in the
observable universe would affix a wealth of astrophysical data to the set of inflationary

theories that satisfies the initial spectrum. Presently, detailed analyses of the CMB via
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WMAP have revealed a spectrum of perturbations in thermal equilibrium that are
consistent with the predictions of inflation, given that the predicted spectrum for
idealized de Sitter space is adjusted slightly for non-empty space. (Spergel, D.N.; WMAP
2007) The resolution concerning measurements of galactic-scale structures via the
ongoing Sloan Digital Sky Survey has likewise proven optimistic for inflationary
theories. By contrast, theoretical work concerning topological defects as the seeds of
structure formation has fallen out of fashion in the face of surmounting difficulties.
Inflation is the only well-developed landscape in which the question of structure
formation can be presently formulated. (Smeenk 2012)

In the past year, a different conversation about inflation has stormed the science
news, relying heavily on the phrase “direct evidence” of inflation. In March of 2014,
researchers from the BICEP2 collaboration announced that they had detected evidence of
primordial gravitational waves embedded in the fluctuations in the CMB. Specifically,
the team searched for B-mode polarization patterns in a region of the sky spanning one to
five degrees. B-mode polarization is familiar in the case of gravitational lensing, but this
discovery was the first reported observation of B-mode polarization from gravitational
waves. (Ade, P.A.R.; BICEP2 Collaboration 2014) From the paper, “Inflation predicts
that the quantization of the gravitational field coupled to exponential expansion produces
a primordial background of stochastic gravitational waves with a characteristic spectral
shape. Though unlikely to be directly detectable in modern instruments, these
gravitational waves would have imprinted a unique signature upon the [CMB].”
Detection of such waves via B-mode polarization of light constitutes “direct evidence” of

inflation because those waves are a predicted consequence of inflation. Unlike the
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previous examples of indirect evidence for inflation, this two-degree separation between
event and observation (inflation produced gravitational waves, which polarized the
observed CMB) corresponds to a direct chain of causal dependencies. The cosmological
community was ecstatic.

The excitement was soon mitigated by the possibility that unpublished dust maps
wash out the evidence. Dust maps of the CMB are developed by teams of astrophysicists
to isolate the detection of the CMB from light scattering on dust particles and other
cosmic light sources. Since the BICEP2 satellite only detected radiation at a single
frequency, they had to rely on dust maps compiled by other teams, such as from the
WMAP and Planck satellites, to constrain their results. The data from the Planck
satellites were unpublished at the time of the announcement; the BICEP2 team
extrapolated from a preliminary map released by the Planck team, unaware that it did not
correspond to the most current data. When the up-to-date data were released, a paper out
of Princeton quickly followed suit, showing that the BICEP2 discovery could be entirely
explained by foreground emissions, and that future observations are essential to
determine whether the discovery of gravitational waves was erroneous. (Flauger, Hill and
Spergel 2014) The paper concludes: “We are in the fortunate situation that the Keck
Array 100 GHz maps, the WMAP K-band and Planck LF1I maps, the Planck HFI
polarization maps, and the BICEP2 150 GHz maps will soon help us determine the
relative contributions of dust, synchrotron, and the [CMB] to the signal detected by
BICEP2, and may then lead to a definitive discovery of gravitational waves.” Inflationary
cosmologists are still hopeful, though not all inflationary models entail the B-mode

polarization signals.
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In all of the confusion, a controversy of sorts has been re-enflamed between
inflationary proponents and inflationary skeptics within the cosmological community.
Leading the charge against inflation is Steinhardt. In a popular-audience article written
for Nature, Steinhardt admonishes the cosmological community for its focus on inflation.
(Steinhardt 2014) In the article, he claims that inflation is unfalsifiable and that it is
therefore “scientifically meaningless”. Regardless of whether the phrase “scientifically
meaningless” is itself coherent and meaningful, Steinhardt evidences the extreme
flexibility of the inflationary paradigm that makes it “immune to experimental or
observational tests”. By Steinhardt’s broad reasoning, the discovery of early universe
gravitational waves would have no effect on the scientific status of inflation, even while
he uses the lack of that discovery as reason to question the dominance of the paradigm.
Inflation is broad because of the reasons described earlier: it is not a theory in itself so
much as it represents the convergence of major foundational disciplines in physics in the
context of cosmology. Rejecting the feasibility of inflation requires a new understanding
of particle theory or a new theory of gravity, because both of these fields are significantly
more constrained than astrophysics or observational cosmology.

Meanwhile, there exist several fringe competitors to the inflationary scenario
whose success could sway opinion away from inflation (though the task is difficult for
reasons just mentioned). The most advertised competitor to inflation is the ekpyrotic
scenario, motivated by Steinhardt and Neil Turok. Consistent with the rest of the Big
Bang model, the ekpyrotic model replaces the initial singularity with a collision between
two branes. Branes are points of arbitrary dimensions that emerge from string theories,

which have been used in speculative projects to develop possible models of quantum
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gravity and theories of everything (GUTs and quantum gravity). The proponents of the
ekpyrotic scenario contend that it addresses exactly each of the same deficits in the
standard Big Bang model as inflation, without requiring an inflationary epoch. Though
string theories are highly speculative, they argue that the ekpyrotic scenario is a natural
consequence of such a framework. (Khoury, et al. 2001) Evidence in favor of the
ekpyrotic scenario also depends on the detection of gravitational waves: there are very
few instances of blue shifting in the inflationary picture, while it is expected in most
ekpyrotic scenarios. Since the view relies on string theory, the entire notion is evidence-
weak. Discovery of significant blue shifting in the gravitational wave spectrum would
constitute weak evidence for string theories, while only weakly discounting the
inflationary framework.

Other fringe theories share the ekpyrotic model’s rejection of the initial Big Bang
singularity. Quasi-steady state theory, mentioned earlier, is an adjusted offshoot of steady
state theory. It has been kept alive by its few proponents still living today. Similarly,
plasma cosmologies are almost entirely rejected by the research community as
unsubstantiated, since their principle asset is merely an alternative to the initial
singularity. (Alfvén 1984)

Theorists in pursuit of a quantum theory of gravity or variations to GR have
uncovered potential alternatives to inflation in the history of the universe, including some
Kaluza-Klein models of the universe with additional, compactified dimensions. Since the
goals of these theories concern foundational physics, cosmological theorizing is
incorporated in an effort to garner cosmological evidence. This move has radically

different effects than the fringe cosmologies, which focus much more on astrophysical
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consequences.

Wrapping Up

Cosmology has developed substantially since the era of Descartes, as has the
sophistication of science in general. Since Einstein’s GR, cosmological theory has given
rise to a thriving field of research, most recently motivated by the past few decades of
inflationary research. Over the course of its development, cosmology has faced several
recurring conceptual dilemmas, most centrally concerning the uniqueness of the system
and whether there is a meaningful initial state of that system. These considerations led
Descartes to develop an entire method of science that Newton thoroughly rejected. In the
early 1900s, the same concerns drove Einstein to artificially alter his mathematics with A
to satisfy the jump between mathematical systems and physical models of the universe. In
the 1920s, hesitation about the physical significance of cosmological models stymied the
interests of physicists, while mathematicians toyed with the equations. From the 1930s
through the 1960s, cosmology exploded as an astrophysical discipline, and a theoretical
battle was waged between the steady state theorists and the Big Bang theorists. Since that
debate was settled via the prolonged discovery of the homogenous CMB, the question of
the legitimacy of an initial singularity was postponed, and today it still occupies the
battlefront within inflationary models and between inflation and other fringe theories.

Out of these developments, more sensitive debates were born regarding the nature
of evidence and whether explanation constitutes good theory in lieu of predictive power.
Most recently in the context of inflationary cosmology, inflation provided a mechanism
to reduce the amount of fine-tuning needed for the Big Bang model, which was seen as a

spectacular achievement. On the other hand, eternal inflation and the measure problem
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categorically undermine the manner by which evidence is assigned to data, including past
data that drove confidences in the development of the model of eternal inflation.
Conversations in recent months about the status of inflationary cosmology reveal
confusion within the ranks of cosmologists about what constitutes proper scientific
theory, mirroring complaints in the decade following the development of GR about the
scientific value of global field models of the universe. Underemphasized in this chapter,
but just as important is the role of idealizations and approximations in the development of
cosmological theory. In the original Big Bang model, the universe was approximately
homogenous. In the inflationary epoch, the universe was idealized as de Sitter space,
which justified the homogenous approximation in the later stage of the Big Bang model.
The timeless quality of these problems spanning the development of modern
cosmological theory suggests that they will not be solved soon. The nature of evidence
will likely continue to be ambiguous, even as cosmological theory grows richer. There is
little doubt in the history depicted in this chapter that theory develops based on the
conceptual views of the researchers. In some ways, arguments concerning the underlying
concepts, such as evidence, the universe, and the initial state of irreproducible systems,
are the most crucial to the subsequent development of successful cosmological theory.
But I effectively repeat myself: in the case of cosmology, scientific objects form as
extensions of theory, based on the conceptual makeup of the theory (in the mind of the
theorist) to motivate new strategies for locating evidence for those theories. As a large-
scale example, one must recognize how cosmology has developed in such a way as to be
situated between foundational physics (quantum theory and GR) and astrophysics, so that

all parties may find new evidential connections between the fields.
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III. A Speculative Theory

In the previous chapter, we tracked the development of cosmological theory.
Except in a few rare cases, new contributions to theory did not depose the contemporary
prevailing modes of thought. Instead, successful work reoriented researchers toward new
avenues of thought that aligned with the sum of their prior exposure to the field. In this
spirit, new contributions to theory all share the property that each has never before
contributed to a larger understanding of science and each now contributes. Upon
formulation, a new contribution is immediately placed in the context of previous
scientific understanding, resulting in a more robust general theory. This much is simply
understood.

At closer look, one might wonder more specifically how those contributions come
to exist at all in the mind of the theorist, separate from the practical question of how they
are shown to contribute to extant theory. As it turns out, the answer is much more
ambiguous. To start understanding the complexity in the question, we should phrase it
more precisely:

(Q) At the moment of its conception, if new theory is unaffiliated with the existing
body of science, what prompts the theorist to give rise to the new theory, and
how does the theorist deem it to have value?

In this chapter, I will explore the implications of (Q) and four possible answers to it.
While discussing each answer according to its assets and drawbacks, I hope to tease out

an argument underlying each of them that speculation must function similar to evidence-

bearing data, in the sense that it confers support for some larger theory.
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Throughout the chapter, I urge the reader to consider how uncanny is the process
of theory development on the level of the theorist in conventional descriptions. We seem
to take for granted that a scientist meditates on some problem, only to succeed in finding
a resolution to that problem often enough that proves of use to the scientific community.
Of course, science only progresses in the long run if the original problem was worth
meditating on. So it seems doubly fortunate that theorists succeed at all. In the four
responses to (Q), I develop four potential archetypes of theorists at their work. Using
certain examples drawn out from the history of cosmological theory development in the
prior chapter, I hope to hone in on a rough approximation of a complete archetype that
convincingly characterizes the successes of theory development in the absence of much
data.

Since (Q) explicitly picks out a singular theorist, we should expect that any
response to the question will necessarily feature an account that is sensitive to the point
of view of the theorist. Of course, science is a social enterprise, and neglecting the
feedback loop between the theorist and her community would oversimplify our ultimate
responses. Any thorough response to (Q) should therefore be sensitive to how the theorist
is situated within her research community, and how she perceives the community’s
interests and inclinations. As we will see, the theorist’s perspective of her immediate
scientific context will become crucial in our development of rational pictures of theory
development on the level of the individual theorist’s speculations.

Before responding to (Q), I should provide some argument for the propositions
embedded in its articulation. Cautious readers may take issue with the notion that there is

a single “moment of its conception” associated with any given new theory. Certainly it is

I11-89



not my intention to trivialize the long hours that theorists spend in pursuit of answers to
the shortcomings of contemporary scientific understanding. Nonetheless, we might still
meaningfully focus on the culmination of those struggles, at the moment (or rather,
across the relatively short period of time) in which a theorist grows convinced that they
have honed in on viable content. In that moment, the theorist’s new conceptual or
mathematical architecture has, by definition, no influence on the contemporary body of
theories representing science. Granting this, somehow the theorist realizes the influence
that their new theory could have on the larger network of theories, and so they introduce
it into the existing body.

What of the claim that “new theory is unaffiliated with the existing body of
science”? Treating this claim as a definition, new theory should be carefully interpreted.
New theory is not obviously inconsistent with an entrenched component of the existing
body of science, but it includes causal mechanisms that have not been previously
proposed and subsequently excluded from the existing body of science (insofar as the
theorist is in the position to judge it). So, the new theory could (in principle) be shown to
be inconsistent at some later point in time. Nonetheless, when it is introduced to the
community at large, new theory should be relevant to some details within the existing
body of science. The addition of the causal mechanisms in the new theory should
contribute something in the way of explanation about discrepancies or vagueness in the
larger existing network of theories. If the new theory is inserted into the larger network,
then some discrepancy or vagueness disappears, contingent on future evidence supporting

the new causal mechanism.
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The action of introducing the new theory into the contemporary discourse
effectively creates a burden on other members of the scientific community.
Experimentalists are tasked with the challenge of generating sufficient empirical support
for the original contribution, or otherwise of developing strategies to falsify the proposal
altogether. So when the theorist decides to burden the scientific community by proposing
a new theory as a modification to the larger network of theories, the actions of the
theorist must be justified. A modest interpretation of such justification is accordingly: a
theorist is justified in creating a burden only if they believe that their contribution might
become a long-lived feature of the larger network of theories. In other words, the theorist
must believe (and be justified in believing) that their new theory has value to the
development of science that is not already included in the network of theories, and that
may be uncovered in the future.

If the theorist’s actions institute a burden on future researchers, perhaps the
theorist should be blamed if their theory does not ultimately prove to hold value. Socially,
we are in the habit of awarding praise to those theorists whose insights prove worthwhile,
and especially high praise is given to those theorists whose insights were particularly
pivotal in the development of various major scientific theories. Since we are inclined to
praise those theorists whose contributions did yield high value, do we blame those whose
work fails to generate progress? In many cases, theorists have led the scientific
community down dead-end paths. Often, new contributions are at first viewed with great
optimism, and researchers re-orient their interests to pursue the possibilities inherent in
the new theory. Only after much work, sometimes spanning many years, does the

community realize that the contribution was underwhelming in retrospect. When these
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situations arise, we might want to assign blame to the theorist, for having steered the
community awry. In light of these situations, perhaps it is worth insisting that the theorist
should only publicize a new theory when the theorist decides that it has some value in
science. Provided that the theorist (idealized) is reasonable, the value of that new theory
should encourage researchers to pursue extensions or falsifications of it. In this sense, we
may avoid the issue of assigning blame to theorists for their failed theories; such failures
are to be expected, even in the idealized rational process. This raises the question: what
constitutes a reasonable theorist? Insofar as this chapter argues that a theorist’s
speculations confer support for larger theory, what are the necessary and sufficient claims
for a theorist that justify her decision to publicize her speculation?

The phrasing “new theory” is cumbersome, and I have also mentioned generically
that theorists engage in speculation when developing new theory. Here I believe I should
define “speculation” (with more specificity than I have previously used it) in lieu of “new
theory”. In the language of the first chapter, I propose that “speculation” is the
spontaneous formation of a scientific object. “Spontaneous” should be understood in a
manner similar to our discussion of “moment of its conception”, prior to its inclusion in
the larger networks of dependencies. For the sake of clear writing, I also propose that
“speculative object” denote the scientific object that forms through an instance of
speculation. By way of explanation, the previous chapter lends us several powerful
examples of successful speculation that punctuate the development of scientific

cosmology up through the early 1980s:

1. Descartes’ postulate that all components of the universe behave self similarly. (Newton
manifests the same intuition when he generalizes the domain of applicability of physical laws
derived from local observational regularities.)

2. Einstein’s development of a global spacetime structure that underlies all local-scale physics.
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3. Einstein and de Sitter’s cosmological constant, which provided the early intuition for modern
day discussions of dark energy.

4. Eddington’s investigation into (and subsequent discovery of) the dynamic instability of a
static universe.

5. Lemaitre’s postulate that the universe began in the quantum regime, previewing the Big Bang
theory.

6. Guth’s realization that a false vacuum state in the early universe would produce exponential
rates of expansion, solving problems in both particle theory and Big Bang cosmology.

7. Linde’s use of an atypical (fine-tuned) energy density distribution of a scalar field to achieve a
slow roll model of inflation.

8. Linde’s realization that the conditions for slow roll inflation could be generically
approximated for a large class of energy density distributions of arbitrary scalar fields,
resulting in the framework of chaotic inflation.

These eight speculations roughly correspond with the different sections in the previous
chapter. The exceptions are the section “Newton’s backyard”, which (for reasons already
discussed) does not lend us examples of cosmological speculations; the section “Kindling
the universe”, which features both Eddington’s contributions as well as Lemaitre’s; and
the section “Economics and (cosmological) inflation”, which groups together Guth’s
work and Linde’s work on inflation.

In these cases, I felt that it was irresponsible to divide the historical presentation
of the developments into further sections. This leads into the first substantial note about
this list: all of these theoretical insights were of largely varying importance and precision
when they occurred. Some were intensely mathematical, and the conceptual insight is
intricately tied up with the mathematical manipulations (4, 8). What this means is that the
intuitions underlying the discoveries in (4, 8) are difficult to pick out as distinct from the
particular mathematical insights that drove the proofs. Nonetheless, we might still
meaningfully interpret (Q) in the context of these mathematical discoveries, even if only

to wonder what motivated them to pursue those particular lines of mathematical inquiry.
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In other cases, the conceptual insight drove an advanced level of mathematics (2, 3, 6, 7).
The others (1, 5) lacked the same mathematical sophistication, though they are still
essential to our understanding of scientific cosmology today.

No matter the differences between them, in each case, the relevant theorist
developed an intuition that framed their method for further theoretical work. For each of
these theorists, the contemporary body of science did not logically preclude the intuition,
nor did it provide ready evidence to support the particular view over other possible
conceptual pictures. This process I have chosen to identify specifically as speculating.
The theorists speculated (somehow) about new ways of viewing cosmological theory that
were consistent with previous theory, but unsubstantiated otherwise. As our conceptual
history has demonstrated, speculations (instances of speculating) have driven individuals’
theoretical insights in cosmology, each of which punctuates the large-scale development
of sophisticated cosmological theory. With this history acting as both our motivation and
our set of primary examples, we are ready to pursue responses to (Q) to better capture
how those theorists engaged in speculating and invented their crucial speculations.

Though I have focused on specific illustrations of speculation in cosmology, I
hope that readers extrapolate its role across scientific disciplines. Speculation is a
necessary part of theory development for science more generally, and understanding how
speculation influences the development of scientific fields is necessary to appreciate how
science as a whole is so successful at generating models of nature. Since cosmology has
so often progressed according to speculative developments rather than data-motivated
analysis, it represents a clearer case study of the impact of speculations in theory

development than other fields. While this chapter will continue to refer heavily to
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cosmological developments by way of examples, I believe that the arguments can all be
generalized. With such a disclaimer, and now with (Q) more fully articulated in the
context of speculations, it is appropriate to introduce the four possible responses to (Q),
each with a different operationalization of the process of speculating. In each, the theorist

1s idealized.

The Darwinian Response

When Hendrik Lorentz grew concerned with the absolute speed of light
(independent of the observer’s frame of reference) in electromagnetic theory, he
developed a new system of coordinate transformations to accommodate the strange
behavior. Having determined suitable mathematics to describe the situation, Lorentz then
determined that these equations of transformation were more robust than the set of
Galilean transformation equations. Comparing each of the two theories, he rejected the
Galilean transformations in favor of his new operations.

In the spirit of Lorentz’s transformations, the most immediate response to (Q)
might be that theorists follow multiple avenues of thought, producing a pseudo-random
sampling of relevant possible theories. In this landscape of possible theories, the theorist
assumes that some sort of Darwinian selection process sufficiently eliminates most of the
sample, resulting in a narrow set of theories that continue to be broadcast for other
scientists to pursue further work. The details of this process appear as follows. The
theorist investigates prior theory in the scientific discourse according to its evidential
strengths and deficits, as well as its completeness. Surveys of prior theory such as those
available in review papers reveal areas of weakness in larger theories, as assessed by

these properties, and the theorist then speculates on possible modifications to address the
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most glaring weaknesses. When the theorist identifies that one modification produces
particularly immediate benefits, the theorist selects that idea and brings it to full fruition.
The theorist then exports the fully developed theory for other researchers in the form of
presentations, preprint articles, and publications.

At first glance, this explanation seems to reasonably capture how new theory is
generated and promulgated. I also believe that it is as close to a conventional view as we
have concerning speculation in science. Consider the scientific method as it is taught in

secondary education. Students likely learn the algorithm:

L. Generate a new hypothesis
1L Test hypothesis
I1I1. If initial test results seem positive:

a. Refine the test to gain precision
Iv. Else, goto I

Similarly, in the work of a theorist, speculation seemingly yields a mix of productive and
unproductive theories, of which only the productive theories survive the pruning process.
Those ideas that survive this eliminativist framework are then fully articulated by the
theorist, and are delivered to the scientific community on the merit of their early success.
The presumption of the theorist is that early successes indicate a likelihood of wide-scale
future adoption into established scientific theory. Unfortunately, this description of the
Darwinian response reveals several shortcomings: namely, the difficulties that theorists
encounter when trying to develop new speculations (particularly useful speculations!),
the different paces by which new speculations develop from the point when the theorist
first speculates on them, and the problems that come from the theorist having to assume
that initial successes track the odds for future successes, so that they are justified in
spending more time articulating the speculation and publicizing the idea. Some of the

examples in (1-8) will help us get a hold of each of these issues.
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The Darwinian response conveniently glosses over the challenges with
developing new speculations. Consider (1), in which Descartes developed his cosmology
by combining the speculation that everything in the universe interacts according to the
same principles with the additional speculation that influence across a distance requires
continuous matter contact. The physical sciences prior to Descartes were quite strongly
divided between orbital astronomy and earthy mechanics, at the very least by their
respective methodologies. Orbital models were developed for the sake of calculations to
predict observational events. By contrast, earthy physics compartmentalized particular
physical regularities and attempted to attach explanations to particular phenomena.

Descartes’ philosophical reasoning on the impossibility of the vacuum entailed
the proposition that orbital mechanics are determined by the continuous contact of an
intermediary matter (which must give rise to vortices), only if the principles of earthy
mechanics were applicable in the cosmos. The productive speculation in (1) concerning
the applicability of physics in claims about the universe did not do much for Descartes,
until it was coupled with another speculation that persisted in similar forms for several
centuries before ultimately falling completely out of favor. On a grand scale, the
Darwinian response can perhaps characterize the competition between vacuum theories
and the vortex theories that arise as a consequence of non-vacuum theories. But the
successful speculation made by Descartes, (1), had no similar competition readily
available to Descartes at the time. The speculation that all parts of the universe must
behave self-similarly came with no particular alternatives, except the functional divide
between astronomy and physics. That demarcation was perpetually ill defined however,

particularly concerning the distinction between local optical phenomena, distant apparent
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motion, and the actual motion of the planets and stars. (1) cannot be said to have
succeeded in the face of competing speculations; it is much simpler to say that Descartes
merely adopted (1).

In a similar way, the static solutions to the EFEs that motivated the cosmological
constant in (3) also present a challenge to the Darwinian response, in that the speculative
object was adopted without competition among competing possibilities. Einstein’s
cosmological proposal in light of his recent development of general relativity came with
conceptual difficulties. Lacking some additional causal mechanism, the model predicted
the gravitational collapse of the universe. For this reason, Einstein speculated that there
exists some cosmological constant that cancels out the tendency according to an unknown
underlying mechanism. De Sitter, interested as well in cosmological solutions to the
EFEs, maintained the cosmological constant in his own model, even though he was
interested in a vacuum scenario that did not possess matter subject to gravitational
collapse. De Sitter adopted Einstein’s speculative cosmological constant as an integral
component of cosmological models, because he too saw it as crucial in Einstein’s
particular model. Though in light of later evidence of receding cosmic bodies, the
speculative object was dropped by most of the community (including Einstein and de
Sitter) until many decades later, the speculation described in (4) about the impossibility
of a static cosmological model did not compete with (3), so much as supplant it in their
view of science about a decade later.

An analysis of Guth’s work in (6) likewise draws out a discrepancy between the
characterization of speculations in the Darwinian response and the history of scientific

cosmology. When Guth developed his inflationary model, it represented a new addition
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to the larger Big Bang theory to solve a particular set of problems. In other words, Guth
did not leverage the speculative object “inflation” against alternative proposals that
addressed the same weaknesses of the Big Bang model. Instead, he judged it on its
internal merits in comparison to the null alternative, and subsequently deemed it worth
announcing. As in the cases of (1) and (3), Guth felt that (6) would reorient much of the
discipline of scientific cosmology, not because it proved successful in the midst of its
failed competitors, but because it provided novel, unique contributions to the larger
theory. The fact that three of the eight major speculations that track cosmological
developments emerged in contexts where the corresponding theorist lacked alternative
speculations presents a major problem for the Darwinian response.

For that matter, the Darwinian response seems ill equipped to properly
differentiate between competing speculations whose stages of development are largely
disparate. Darwinian selection mechanisms presume that the strongest theory is the one
that emerges from a sampling set in which every member of that set has equal priors. But
inspiration strikes theorists at unpredictable times, meaning that the theorist develops
certain avenues of thought before she thinks of other ideas. Since the proposed Darwinian
competition between theories occurs perpetually in the mind of the theorist, even as older
theories are further developed and tested, older speculations are given an unfair
advantage over newer speculations by nature of their birth order. In order for new
speculations to overcome the advantaged prior speculations, the new speculative objects
must be immensely pivotal. Unfortunately, the Darwinian response does not provide a
mechanism by which new speculative objects can be immensely pivotal, immediately

apparent upon conception.
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As a historical example, consider (5), in which Lemaitre proposed that the origins
of the universe were located in the quantum regime. At face value, this proposal is
monumental; Lemaitre saw immediately its potential to unify questions concerning the
largest scales (the observable universe) and the smallest scales (in which quantum effects
dominate). Intuitively, this speculation seems to be immensely pivotal in precisely the
way needed to overcome alternative speculations regardless of their birth order. In spite
of this intuition, the paper in which Lemaitre first proposes (5) is brief, largely
qualitative, and quite incommensurable with potential alternatives that are grounded in
more mathematical or general relativistic principles. In certain philosophies of science,
the advent of a speculation that is incommensurable with previous theories is a sign of a
paradigm change, which is almost always immensely pivotal in the evolution of the field.
That the Darwinian response entirely misses this feature of theory development—when
theorists immediately grab onto a still infantile theory—is a critical deficit of the
response. The response provides no justification for the theorist to broadcast those
speculations that are so immediately impactful.

The criticism can be strengthened in such a way that it represents the failure of the
Darwinian response. (Q) concerns how new speculations are recognized by the theorist to
have potential value in future science. The Darwinian response sidesteps the question
entirely by stipulating that speculations, upon invention, comprise a set of possible
directions for future scientific theory, from which certain speculations are selected
according to their relative strengths compared to the other set members. Since there is no
particular time limit within which the theorist must select one speculation from the

possibility set, and since many times there are no alternative speculations that are
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mutually exclusive of a given speculation, the theory selection process must function by
identifying features of a given speculation that distinguish it on its own, absolute merit.

But if this were the case, then presumably the theorist would have been equally justified
in tagging as successful the speculations that are eventually chosen at any point prior to

the competitive process.

As a final example, consider the transition between (6) and (7). As discussed in
the prior chapter, the publication of Linde’s new inflation came within a calendar year of
the publication of Guth’s original inflationary proposal (old inflation). Linde’s new
inflation required a scalar field distribution that was radically different from that assumed
in old inflation, so as to avoid the graceful exit problem of old inflation. The two models
were therefore mutually exclusive. We have now an ideal circumstance for the Darwinian
response to describe. Ostensibly, the time period is short enough (occurring on a timeline
described by pre-print articles and conferences rather than the slower publication cycles)
that Linde might have held both ideas in competition with each other. Furthermore, since
the two speculations are mutually exclusive, the situation is such that if one speculation is
selected, it comes at the cost of not selecting the alternative.

Yet, as the description of (6) and (7) in the previous chapter implies, framing the
progression from old to new inflation as a debate between possible speculations would
mischaracterize the early developments of the subject. Guth’s excitement over the notion
of an inflationary epoch was such that he thought it worth sharing, despite the very
immediate graceful exit problem. New inflation provided a solution to that problem, by
way of substituting certain causal substructures in the inflationary proposal. It is improper

to say that Linde selected (7) in such a way that (6) failed to be selected as a logical
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consequence, because Linde developed (7) in response to (6). In other words, Linde had
already implicitly selected (6) prior to his development of (7).

This is just one example, but I confess that I have difficulties imagining whether
there is any positive example of the Darwinian response to (Q) to find, which cannot
equally be presented as the theorist sequencing through a progression of speculations.
Even in the motivating case at the beginning of the Darwinian response, Lorentz’s
development of his transformations, the history could more honestly be described as
Lorentz rejecting an old theory that he had previously held, in favor of a new theory.
Maybe a more charitable example is Einstein’s development of special relativity, as an
alternative framework to Lorentz’s theory of aether contraction for the Lorentz
transformations. Prima facie, the two theories were equal in many respects, even though
special relativity quickly gained popularity. Even in this situation, however, I am tempted
to rework the example to present it as a maturation process in the field.*’

Fortunately, the shortcomings of the Darwinian response nonetheless yield two
useful notes as we look for other responses to (Q). First, whatever the justification the
theorist uses to pursue and publicize a new idea, that justificatory reasoning must be
available in the very early moments of the speculation. Otherwise, new ideas would
rarely overcome older, already matured theories. Second, theory selection, as it is usually
discussed, inadequately applies to those early moments. This is because speculative
objects often develop without commensurable alternatives, or otherwise the development

of one particular speculation spurs the development of commensurable alternatives. In the

4 Perhaps in situations where the ability to run experiments renders a subject of study data-rich, multiple
speculations can occur alongside each other, only for many to fall away as more data emerges. In such
cases, perhaps the Darwinian response may fair better as an approximation of speculation in theory
development.
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latter situation, since the development of the new speculation depends on the pre-
establishment of the first speculation, the first speculation had to be adapted prior to any
theory selection between the two. These two notes directly motivate the following

alternative response to (Q).

The Popperian Response (“Let our conjectures, our theories, die in our stead”)*

Faced with the graceful exit problem following (6), Linde (as well as others
including Guth, Albrecht, and Steinhardt) searched for new strategies to solve or avoid
the problem. As mentioned in the previous chapter, Guth’s efforts were spent looking for
some element of his model that he had overlooked or neglected, while Linde and the
others opted to search for alternative models of inflation that sidestep the problem
altogether. In Guth’s case, despite his active interest in resolving the problem, he never
honed in on any one proposal that he felt was worth pursuing. On the other hand, Linde
and the others were considering any number of possibilities, only constrained by the
demand that a successful model would have to allow for the universe to thermalize upon
exiting the inflationary epoch. Provided that the model allowed for this, it would carry no
graceful exit problem. Eventually, Linde worked out the details of one particular model,
which came to be (7), the development of new inflation. In the meanwhile, each of these
theorists focused on this one area of scientific exploration, trying to develop a

modification to a narrow range of subject matters.

*® This allusion to Popper comes as a consequence of alluding to Dennett’s “Popperian creatures”, whose
faculties allow them to construct inner models of the world. The quotation comes from Popper himself, in a
talk entitled “Natural Selection and the Emergence of Mind” wherein Popper describes the evolutionary
advantage of conscious decision processing. The direct context of the quotation here concerned a hopeful
dream of the future, wherein “We may still learn to kill our theories instead of killing each other... by
rational criticism, instead of eliminating each other.” The idea that by rational processing one might come
to reject a theory instead of broadcasting it to others is a key motivation behind the Popperian response in
this chapter.
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In this example, it seems that perhaps theorists operate with a rich internal
environment that contains within it a reproduction of the larger body of science known to
the researcher. Of course, I do not propose that theorists are at once expertly familiar with
every avenue of scientific research. In fact, the theorist might only be familiar with a
strikingly narrow domain of scientific theory, and though this presumably limits the
range of potential scientific discoveries available to the theorist, it should not prevent
discoveries altogether. So when I suggest that theorists possess internal environments that
reproduce a contemporary science, I only mean that they have an understanding of the
science they are accustomed to, and enjoy a mental representation of that science held
together in some way. The private/public distinction is important, particularly from the
perspective of the theorist; understanding how the theorist perceives the public state of
science can help us pinpoint a description of the theorist’s justifications for producing
new speculations.

I should be careful here, so as not to blur the lines between the theorist’s internal
representation of science and the theorist’s private understanding of what constitutes
external (public) science. In the theorist’s internal representation of science, scientific
objects most familiar to the theorist bear relations to each other that roughly correspond
to the edges borne between the same scientific objects in the external scientific networks.
The degree of accuracy wavers outside of the theorist’s domain of specialty. While a
particularly well-rounded cosmologist may be aware that biochemists use “proton
radiation” to study the molecular structure of tissue samples, they certainly do not know
the details well enough to accurately reproduce in their internal representation the same

edges as are found in the external scientific networks. Certainly, in the internal
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representation of science, the theorist’s domain of familiarity is more central than it might
be in the external networks. Furthermore, the edges between scientific objects in the
internal representation of science will be overrepresented in the theorist’s domain of
expertise and underrepresented elsewhere in the networks. This is all to say that a
cosmologist, for example, is much more likely to know the detailed evidence supporting
theories in cosmology than the general evidence supporting theories in biochemistry.

By contrast, the theorist’s private image of what is entailed by external science,
though perhaps vague, should more directly match the actual shape of the networks of
dependencies. A Big Bang theorist, for instance, may not know much about the theory
grounding various optical instruments, especially compared to the theorist’s familiarity
with a specific subset of the data acquired by those optical instruments. Nonetheless, the
theorist should still recognize that the scientific objects comprising the theory grounding
the optical instrumentation are presumably more centralized than the scientific objects
characterizing the Big Bang model, because more fields than just cosmology employ
evidential claims that depend on the proper functioning of those optical instruments.

In this picture, it becomes meaningful to ask how the theorist introduces new
theory into their internal account of science, as a precursor to introducing it to the
external community on the basis of the theorist’s private image of external science. A
plausible explanation as to how a theorist introduces new theory into their internal
account is that the theorist mentally inserts a new speculative object into the internal
representation of the scientific networks, thereby causing the internal representation to

diverge from the theorist’s characterization of external science, since the networks of
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science lack any scientific object that bears resemblance to the newly proposed
speculative object.

The speculative object is inserted into the internal representation of science in an
unprivileged fashion. That is to say, within the internal environment, the speculative
object is like any other part of the theorist’s conception of science. Though there is no
evidence in particular to support the speculative object, neither are there competitors held
in better prospects (contrary to the presumption in the Darwinian proposal). In many
cases, the inclusion of a speculative object in the theorist’s internal environment may not
significantly alter their internal representation of science. When this is the case, it might
be asked what has the speculation contributed? Lacking a satisfying answer, the theorist
may choose to discard the speculation, or to put it aside for any amount of time.

In some cases though, speculation could yield an appealing amount of explanatory
power toward some detail in the theorist’s overarching understanding of science, or
otherwise provide new constraints on related scientific objects as they manifest in the
theorist’s internal representation of science. Imagine some pre-established scientific
object in the theorist’s internal representation of science that has these particular
strengths. Presumably, such a scientific object would occupy a somewhat central position
in the theorist’s internal representation of science. This is easy to see in the case where
there exists evidence for the causal mechanisms stipulated by the scientific object in
particular, beyond the loose support conferred to it by its general associations with other
scientific objects.

Now consider the case in which this beneficial scientific object is absent from the

internal representation of science, but also (fortunately) a new speculative object with all

I11-106



the same features is about to be developed. When that speculative object is inserted into
the theorist’s internal representation of science, the internal representation changes
dramatically. The new shape must include the addition of a relatively central scientific
object.

At this point, the theorist’s internal representation of science has now diverged
substantially from the theorist’s perception of the external scientific networks. The degree
to which the theorist’s internal representation is divergent can be identified in proportion
to the potential of the new speculative object to yield further investigations (as perceived
by the theorist), absent any additional evidence. Speculative objects that most radically
modify the theorist’s internal representation of science are suitable for the theorist to then
broadcast them to the public with proportional fervor. This move is justified on the
presumption that the divergence between the internal environment of the theorist and the
theorist’s understanding of the external scientific networks tracks (to some degree) future
radical changes in the shape of the external scientific networks. Since the entirety of the
Popperian response concerns the internal mental states of the theorist, it is more correct to
say that the divergence tracks future radical changes in the shape of the external scientific
networks, as interpreted by the theorist. Therefore, the value of a given speculative object
correlates with the degree to which the modified internal environment diverges from the
theorist’s present perception of the external scientific networks.

Defining “disruption factor” as the quasi-quantitative degree to which the two
representations of the scientific network (private and the perceived public) can be made
to diverge, we can conclude (according to the Popperian response) that the disruption

factor of a speculation must have value in theory development. The success of the
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Popperian response, as it has been characterized above, depends on this statement
evaluating to true in most cases. If there is no substantial correlation between the
disruption factor of a given speculation and the disclosure of that speculative object to the
public, then there is no indication that disruption factor has value in theory development,
and the Popperian response also fails. Note, however, that if the Popperian response were
to fail because of this, it would be for a very different reason than the failure of the
Darwinian response: it would not be due to the value of one speculative object as
compared to other speculative objects, but because there is some internal feature of a
speculation that has value that can be characterized in principle, but not by its disruption
factor.

The excitement surrounding the developments of (6) and (7) concerning their
explanatory value will be particularly useful to evaluate the claim on hand, and so will
the research possibilities that arose following the realizations of (4) and (2). While
considering these examples, we should be careful not to muddle the distinction between
the actual response of the public and the theorist’s prior best estimate of that response.
Guth’s insight in (6) that an inflationary epoch could solve multiple problems in both
early universe cosmology and particle physics is generally recognized as spectacular.
Certainly, the contemporary cosmological community loved it, and the enthusiasm gave
rise to the field of inflationary cosmology, pushing new articles and ideas faster than
journals could print them. Furthermore, Guth was also caught up in the excitement. (A.
Guth 1998) What about Guth’s theory caused so much excitement in those early days of

inflationary cosmology, and was he in the position to identify its disruption factor?
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Recall that Guth’s original paper corresponding to (6) was called “Inflationary
universe: A possible solution to the horizon and flatness problems”, and consider as well
that Linde’s paper on new inflation in (7) that soon followed was called “A new
inflationary universe scenario: A possible solution to the horizon, flatness, homogeneity,
isotropy and primordial monopole problems.” As mentioned earlier, Linde’s new
inflationary scenario replaced Guth’s model of typical scalar energy density distributions
with an atypical, slow roll shape, specifically to solve the so-called “graceful exit”
problem with Guth’s inflationary model, while also preserving the benefits of Guth’s
original proposal. If this was the case, one might wonder from where did Linde’s three
additional title problems emerge? One of them, the monopole problem, was already
solved via Guth’s old inflation. The other two, the homogeneity problem and isotropy
problem, were both elements of Guth’s “graceful exit” problem.

To my best consideration, Guth’s idea appealed to the community precisely
because of the number of problems it solved in one sweep, which Guth was fully aware
of prior to its public attention. This perspective is supported by Linde’s title, which
borrowed on the early success of Guth’s inflation and increased the number of problems
in Big Bang cosmology for which inflation could now boast solutions. In both (6) and
(7), the problems were not critical — at least not in the traditional way one might view
problems in scientific theories. The model of the Big Bang prior to (6) does not include
any logical inconsistencies that are otherwise solved in the model of the Big Bang after
(7). Instead, the five problems (the original two: the horizon and flatness problems, plus
the others listed in Linde’s title: the homogeneity, isotropy and primordial monopole

problems) each represented gaps in explanation that had to be attributed to coincidental
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initial (or boundary) conditions. Phrased differently, there was little motivation to
develop additional theoretical architecture to ground any of the five listed topics in
particular. The Big Bang model did not, as a matter of logical necessity, require such
additions.

Nonetheless, the successes of old inflation and new inflation respectively were
that they made the Big Bang model more robust, removing boundary conditions by
providing a causal mechanism that would entail a greater number of observed features.
The five problems of coincidence, as they were, became consequences of the Big Bang
model, rather than additional parameters. Fine-tuning or presupposing such features was
no longer a requirement in the Big Bang model, so it can be said that Guth (and then
Linde) greatly generalized the Big Bang model. Impressively, they did so by stipulating a
single causal mechanism. Furthermore, extra explanatory power regarding the number
density of magnetic monopoles in speculative GUTs emerged out of the same
mechanism, unifying to some degree claims made in cosmology and in particle theory.

The monumental impacts of the speculations (6) and (7) are evident: they directed
the subject of early universe cosmology for the following three decades (to the present
day). Both created and solved several deep problems by stipulating relatively little, even
if garnering direct evidence for the underlying causal mechanism is difficult. In other
words, the introduction of their associated speculative objects into the scientific networks
radically altered the shape of the networks corresponding to cosmological theory and
particle theory, even in the absence of (prior to) any direct evidence for the speculation.
This is precisely the disruption factor that is valued according to the Popperian response,

so long as the theorist is capable of identifying which sorts of new speculations might
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likely create that disruption in the public discourse. Given the excitement (6) and (7)
caused in the scientific community at the time, the community appears to value that
disruption. It nonetheless remains to be seen whether the theorist’s perception of a
speculation’s disruption factor (i.e. the disruption factor of the speculation in the
theorist’s reckoning of public science) constitutes suitable justification for the theorist to
deem the speculation to have scientific value.

At the very least, the excitement could be a psychological or sociological boon
within the community, so perhaps the theorist is justified if they believe their speculation
will trigger that excitement. Consider (4), in which the community responded quickly to
Eddington’s discovery that GR did not allow for truly static cosmological models,
grooming the way for Lemaitre’s realization in (5) that the universe at early points would
have been dominated by quantum effects. Had it not been for the incremental
mathematics of (4), the ingenuity of (5) would have never been relevant to the scientific
community. Though data provided by Hubble could have been sufficient to reject the
plausibility of a truly static model, the data were insufficient to rule out the conclusion
that the universe was large and unchanging up to some point in time, whereupon it began
expanding (an idea that conveniently avoiding metaphysical or theological musings about
what existed prior to the universe). By contrast, Eddington’s mathematical development
indicated that such an interpretation was unlikely, because there never was a time in
which a static model could have represented the universe. The disruption factor of (4),
coupled with the observations of receding cosmic bodies, not only allowed the feasibility
of (5); it also motivated innovations like (5) because the community had lost the default

assumption previously held. It is, of course, possible that Lemaitre would have proposed
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(5) in the absence of (4). His publication history at the time indicated that he was honing
in on the notion of a finite, always expanding universe. Nonetheless, (4) undermined the
reliability of a static universe like Einstein’s, implying that a move like (5) was not only
possible, but plausible. In the absence of (4), the community might have been less
receptive to the notion of a Big Bang-type beginning of the universe.

In the case of (2), Einstein’s development of GR radically altered longstanding
perceptions of physics, suggesting a geometric description of the universe that motivated
Einstein and others to think of the universe by a singular descriptor: a single spacetime
describing every spatiotemporal point in the universe. Though the universe is much more
complex than any analytically attainable solution to the EFEs, so long as GR underlies
relativists’ understanding of physics, in principle there exists a spacetime that permeates
the entirety of the universe. Furthermore, the global spacetime has the characteristic that
its prevailing structure non-negligibly governs the behavior of small-scale, local galactic
and sub-galactic structures. (Contrast this with Newton’s model, wherein distant stars had
to be assumed to have no effect on local systems to begin to constrain observational
systems so as to garner evidence.) At the time, orbital calculations in GR accurately
predicted the precession in the perihelion of the planet Mercury, but other than that (and
the fact that it is approximately Newtonian in the low-energy limit) there were few
empirical grounds for the proposal. (The deflection of light via gravitational lensing was
a prediction that was not confirmed for several years after the announcement of GR.)
Nonetheless, the immediate capacity for potential disconfirmations of the theory (i.e if
light were not to experience gravitational lensing or redshifting) and its conceptual

salience made it ripe for investigation. When Einstein first developed (2), he understood
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that his speculative object had the capacity to stimulate any number of additional
theoretical and experimental research projects. That is to say, it is clear immediately upon
looking at (2) that its development would motivate a new subfield of research. The
capacity of the speculative object to radically alter the networks of science (in other
words, the disruption factor of the speculation) seems the primary motivator behind the
broadcasting of that speculative object. The disruption factor of (2) gives us reason to
conclude that the disruption factor of a speculation is a suitable proxy for value to the
scientific community, and that value to the scientific community implies that there are
new research opportunities or conclusions to be drawn (progress to be had) beyond the
immediate testing of a particular speculative object. The perceived disruption factor
therefore may be suitable justification for the theorist to deem her speculation to have
value.

Unfortunately, the validation of the justificatory step in the Popperian response—
that the future scientific community values past disruptions— is also its weakest point.
To see this, consider (3) as an example of a speculation whose value did not correspond
to the excitement it caused in the community. As discussed previously, Einstein
developed the notion of the cosmological constant to directly cancel the tendency toward
gravitational collapse, allowing for a static universe. This decision to include A in his
model had no empirical grounds, and was arrived at entirely because of aesthetic
considerations. In the model, A was a free parameter that could take on any value
(including zero). Therefore, while the model generated much excitement, the detail of A
in the model attracted little attention. De Sitter followed suit, adopting the constant even

in his vacuum solution, perhaps indication that a static solution represented a default
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aesthetic intuition about the universe. There was no need to include such a parameter,
except to fit the model to our conceptual (non-evidenced) priors. In any case, nothing
about A raised eyebrows in the community at the time. Furthermore, it reigned as an
unfounded and unnecessary assumption until sometime amidst the developments of (4)
and (5).

Many decades later, after A had been dropped from the non-static Big Bang
scenario, astrophysical data in the 1990s led researchers to the conclusion that the
universe is nearly flat, but undergoing expansion at an accelerating rate. A was
incorporated into the modern Big Bang model to represent this feature, and the present
day A-CDM standard model continues to include it. That Einstein and de Sitter’s original
solutions to the EFEs were robust enough to fit an optional term A ultimately provided a
way to characterize discrepant observations much later. A had future value to
cosmologists, even though its original motivations were both highly speculative and
misguided. In a similar example, Weyl’s gauge theory in the 1910s and 1920s to model
both electromagnetism and gravity as a geometric property of spacetime was ultimately a
failed project. Despite the shortcomings in its original intentions, today gauges are crucial
tools in mathematical physics both to describe elements of established modern particle
theory and more speculative theories of gravity.

As these examples show, the future value of speculations can be causally
disconnected from the success of the project in the contemporary scientific community.
The Popperian response may provide a strong explanation for how theorists recognize the
capacity for short-term success of new speculative objects, but it does not yield any hints

as to how certain speculations outlive their contexts. Of course, as we saw with (3),
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rational descriptions sometimes fail to capture history. Certain theoretical developments
might be driven by factors that are absent from an entirely rational interpretation of the

internal operations of theorists, if at the very least because some speculative objects are
maintained on a whim, rather than by any justificatory chain.

Recall as well the debates coupled with (1) discussed previously concerning the
speculation that force required contact. In that case as well, a speculative object was held
as a potential staple of scientific discourse for an arbitrarily long period of time, despite
the availability of an alternative and a prevailing lack of evidence. In this spirit, perhaps
the best response to (Q) must be sensitive to current ideas in cognitive science, which
provide inspiration for plausible descriptions of rational theory development situated in a
context that is not always rational. As we leave the Popperian response, so too do we
abandon Popper’s dream that rational evaluations of theories in an individual’s mind can
fully equip that individual to correctly identify which theories are constructive and which
are unhelpful, and to thereby act accordingly by adopting the former and rejecting the
latter. The final two responses are founded on two different cognitive ideals, which are

quasi-rational, but allow for non-rational decision making as well.

The Semi-Stable Set Response:

After Guth’s development of old inflation, Linde considered some number of
possible speculations that would save the broader idea of inflation from the specifics of
the graceful exit problem. Though he might have run many calculations, approximations,
etc., he was not convinced by any single proposition. Yet, at some point, he realized one
model would seemingly perfectly address the issue, so long as he was willing to adopt an

unconventional scalar energy density distribution. At that point, he no longer pursued the
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other possibilities that he might have previously considered; instead, he spent his time
honing the details of what became new inflation. When he thought he had an explicit
solution to the graceful exit problem, he presented the formulated idea to the
cosmological community, where it motivated others to pursue further extensions of the
theory.

Except in a few cases, we have almost no access to the thought processes of
theorists at their work. We can, however, reconstruct on the broad scale what those
thought processes might have looked like, given a detailed cognitive framework. To help
make sense of the abstract cognitive architecture in the Semi-Stable Set response, keep in
mind the reasonableness of the every-day explanation given in the prior paragraph that
one might make regarding Linde’s development of new inflation in (7).

If readers take issue with this telling of Linde’s discovery, I hope only that they
recognize the intuitiveness of this manner of historical representation. The Semi-Stable
Set response is built to correspond to this sort of description. Naturally, the response must
begin by considering the mental states of theorists at their work. One might imagine any
number of ideas race through a given theorist’s brain, each at various stages of
articulation and development. Conscious experience is rife with cognitive dissonance,
and so too might the theorist’s speculative ideas be in conflict with one another. This
means that if speculative objects take the form of propositions, then there can exist two
speculative propositions P and R in the mind of the theorist such that P entails ~R (and
therefore R entails ~P). The joined proposition P&R therefore is a contradiction. If P and
R are both well articulated propositions held by the theorist, how are we to make sense of

the theorist’s mental state? We need some sort of paraconsistent or indeterminate logical
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framework. On the other hand, it seems intuitive that eventually the theorist will come to
believe in P (or R) and thereby also come to believe that beliefs entailed by ~P (or ~R)
should be discounted. At that point in time, we want a binary logic so that the theorist
may trim the number of speculative propositions that occupy their thoughts.

To characterize such a transition between the indeterminate period and the
determinate period, it may be helpful to develop a language specific to the circumstance.
Perhaps theorists overwhelmingly operate in a semi-stable mental state, wherein various
articulated speculative propositions are held simultaneously, but without attitudes
awarded to them. In this way, the propositions do not constitute beliefs. The set of
speculative propositions in the mind of the theorist may include inconsistent subsets,
without having to give up the assumption that the theorist’s beliefs are rational. By
suspending the formation of beliefs, the theorist is able to manipulate the set members
neutrally. This semi-stable state may survive indefinitely, during which the set of
speculative propositions may be modified, including by the addition or subtraction of set
members, as well as the alteration of previously articulated set members.*’

Highly sensitive to any number of external factors affecting the theorist’s mental
state, that semi-stable state is prone to collapse. Define the collapse event as the sudden,
discrete transition whereupon the restriction on propositional attitudes is relaxed for some
subset of the speculative propositions. Within that subset, speculative propositions may
now be assigned propositional attitudes. A necessary condition for the collapse event

(therefore, the trigger of the collapse) is that the theorist is suddenly inclined (by

7 If this description seems suspicious, consider the philosopher who entertains two propositions: (i)
Mickey Mouse has a black nose; (ii) Mickey Mouse does not exist. The philosopher may very easily hold
both (i) and (ii) in her mind and develop their respective logical entailments and semantic implications. If,
however, the philosopher at some point finds herself convinced that Mickey Mouse has a black nose (for
example), then that entails various other beliefs that may complicate considerations of (ii).
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whatever motive) to assign an attitude to at least one speculative proposition. That
particular speculative proposition is therefore included in the subset that may now feature
propositional attitudes. Propositions whose attitudes are affirmative (e.g. “the theorist
believes that P, as opposed to ~P” or “the theorist trusts that P, as opposed to ~P”’) form
speculative objects. Propositions in the subset that are mutually exclusive of the affirmed
propositions gain negative attitudes (e.g. “the theorist does not believe that R” or “the
theorist distrusts that R”). From there, it is easy to see that all propositions featuring
negative attitudes are abandoned on the basis that they are incompatible with the newly
formed speculative objects.

It is important to highlight the two distinctly non-rational elements of this
cognitive model. First, the motivation that triggers the collapse is unspecitied and
external to the theorist. The development of speculative propositions can exist
indefinitely in the semi-stable (indeterminate belief) state, but at some point an external
factor spurs the trigger of the collapse. The trigger must be external, so that the theorist is
not paradoxically responsible to internally justify the process of coming to believe that P.
Second, the subset of speculative propositions that is affected by the collapse event is not
precisely defined. I am unable to imagine how one would specify this part of the model
without being arbitrary. Furthermore, I do not know how one would formulate a
generalization of the rule to apply to all theorists and all possible sets of speculative
propositions.

It suffices that the model permits the following scenario: the theorist is struck
with the inclination to assign an affirmative attitude to P. This is the motivation that

triggers the collapse event. Consider the unlucky scenario in which the subset of

I1-118



propositions that now feature attitudes includes P (by stipulation), but not R. R survives
as a proposition in the larger set that cannot be assigned attitudes. Eventually, another
collapse event occurs, in which R can now be assigned attitudes. At this point, it would
quickly be rejected as absurd, providing that the theorist still assigns an affirmative
attitude to P. The implication of this example should be clear: propositions sometimes
survive for irrationally long periods of time in that indeterminate semi-stable state, prior
to being dismissed. Perhaps one caveat to this rule is that if P becomes an entrenched
component of science (by which I mean it is well-evidenced and integral to a sizeable
amount of well-evidenced theory), then the theorist may reach into the larger set and
remove R, on the basis that it is inconsistent with an entrenched component of science.
For this caveat to hold, of course, requires that P transition from speculative
object to entrenched component of science. The final component of the Semi-Stable Set
response therefore addresses this gap. In the Semi-Stable Set response, speculative
objects in the public discourse (e.g. Obj(P)) necessarily correspond to beliefs in the
relevant speculative propositions (e.g. P). Since the theorist is a contributing member of
the scientific community, she may reasonably presume that others in the community
behave similar to her, at least in their duties as theorists. She is thus able to conclude that
the other theorists assume her belief that P indicates that Obj(P) is not obviously at odds
with any entrenched scientific objects in the scientific networks (at least those scientific
objects with which they believe her to be familiar). Additionally, the theorist’s
involvement in the scientific community is such that she presumes that others in the

community are also justified in engaging with Obj(P) on the basis that she believes that P.

I1-119



Engaging with Obj(P) requires the other researchers to each extract from it the
proposition P, and to each entertain it in their own semi-stable mental states.

Since the theorist may now presume that P exists inter-subjectively, discourse
about P would constitute an external factor that could motivate a further collapse event in
her or other researchers. In this way, the theorist believes that P can spread through the
community, and subsequently Obj(P) would develop. Alternatively, she is aware that
other researchers might come to believe that R. In this case, Obj(P) may be progressively
disconfirmed as Obj(R) gains traction. Eventually evidential claims will confer support to
one while simultaneously disconfirming the other. Such evidential claims are, of course,
a necessary feature of entrenched scientific objects, and are beyond the scope of our
concern in answering (Q).

As in the prior responses, it may be helpful to draw from the history of cosmology
to demonstrate how the Semi-Stable Set response tracks historical examples of
speculating. Since there is a lot of abstract cognitive architecture in the Semi-Stable Set
response, and we do not have access to the historical theorists’ mental states, we are
limited in our abilities to showcase the Semi-Stable Set response. Nonetheless, it is useful
to highlight where in history the consequences of the Semi-Stable Set response can be
assessed externally.

Consider (8), in which Linde first developed his notion of chaotic inflation (that
suitable @? conditions permitting inflation occur in a wide class of theories), as it
followed from (7), his work on new inflation. Chaotic inflation is an interesting case
study for several reasons. First, it is quite controversial up to the present day, and it lacks

any direct evidence (that supports it over other inflationary programs) despite several
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decades of theoretical work spent enriching the community’s understanding of it. Second,
it took an uncharacteristically long time to gain widespread appeal in the community of
theoretical cosmologists, especially compared to the large excitement and quick turnover
of old inflation and new inflation. Finally, it perhaps maximally generalized the
mechanism responsible for the proposed inflationary epoch. The proposals of multi-field
inflation and hybrid inflation, which first developed a few years later, further relaxed the
constraints of quantum field theories on the details of the inflationary mechanism itself,
but chaotic inflation had already relaxed any particular claims that quantum field theories
could prohibit or suppress an inflationary period in the history of our observable universe.
When Linde worked on new inflation, we can imagine that he neutrally pursued
the possibility that a fine-tuned energy distribution of a scalar field drove a slow roll
inflation. The idea presented an interesting solution to the graceful exit problem, but prior
to some moment before (7), he had not assigned any attitudes to the proposition. It
developed as a proposition without corresponding beliefs. Eventually, that neutrality
vanished. He believed that the proposition of new inflation was promising, which was the
trigger for the collapse event. Since he had an affirmative attitude relative to the
proposition of new inflation, the speculative object of new inflation was formed and
brought to the attention of other theorists. As this occurred, Linde’s belief in the promise
of new inflation did not prevent him from neutrally entertaining additional propositions in
his semi-stable state that would overwrite or undermine his belief in new inflation.
Certainly, this is consistent with our intuitive image of scientists: their beliefs at any
given time, as well as their trust in entrenched components of scientific networks, should

not stymie their honest efforts to develop alternative hypotheses and methodologies.
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It was in this semi-stable state after the success of new inflation that Linde
developed the proposition of chaotic inflation. To be specific (but cumbersome), the
language in that proposition might have taken the form “the inflationary epoch of the part
of the universe containing the entirety of the observable universe was driven by a
transition between two points along an arbitrary scalar energy field that approximates the
slow roll transition featured in the new inflation model of the scalar Higgs fields.” This
proposition is a mouthful, but it includes three key components: chaotic inflation
concerns a region of the universe larger than the observable universe, but smaller than the
entire universe; the scalar fields underlying chaotic inflation need not be any known field,
which reduces the number of constraints on inflation stemming from the GUT intuitions
at the time; and chaotic inflation occurs in any region where certain approximation
conditions are met. In other words, there are many possible propositions that may be
mutually inconsistent with the proposition of chaotic inflation. It is reasonable to assume
that while Linde was developing chaotic inflation, he was also considering alternatives.
Otherwise, I should think it very lucky that he happened to embark on such a fruitful path
at first attempt.

As in (7), at a certain point, Linde became excited about chaotic inflation. Since
Linde now possessed the attitude of excitement in regards to the proposition of chaotic
inflation, there was a collapse event. Linde introduced the speculative object Obj(chaotic
inflation) to other theorists, so as to hopefully motivate the other researchers (under the
presumption that other researchers behave similarly to him). As a matter of descriptive
fact, chaotic inflation motivated some theorists more than others, even though many had

equal access to most of the same literature and ideas. Fortunately, this fact is a natural
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consequence of the Semi-Stable Set response. Since the theorists’ semi-stable mental
states are sensitive to a variety of external factors, two very similar reasonable theorists
may receive news of a new speculative object and internalize that news in entirely
different fashions. Keeping up the example of (8), external signals may cause one theorist
to trigger a collapse event, whereupon they gain an attitude in regards to the proposition
of chaotic inflation. Meanwhile, another theorist who receives indistinguishable external
signals undergoes no collapse event, and therefore continues to hold the proposition of
chaotic inflation in a neutral, semi-stable mental state, alongside any number of
alternative propositions.

I hope now that the plausibility and appeal of the Semi-Stable Set response are
each more transparent. It may occur to some readers that the Semi-Stable Set response
echoes a worry encountered in the Darwinian response. Both responses stipulate a set of
well-defined propositions that are held in the theorist’s mind, and that those propositions
evolve neutrally prior to their acceptance. A major detriment of the Darwinian response
was that it provided no mechanism by which one could come to the conclusion that a
newer speculation yielded a proposition with greater potential for value than an older
proposition. Newer speculative propositions could never supplant older propositions, and
so, intuitively, the Darwinian response seemed to improperly characterize speculations in
practice.

Fortunately, the Semi-Stable Set response dodges this criticism. To make sense of
how it avoids the same pitfall, the general criticism (which was sufficiently specific in the
Darwinian response) should be separated into three specific interpretations. First, one

might criticize that within the semi-stable mental state, propositions that have been set
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members for a longer period of time maintain an unfair advantage over propositions that
have recently been added, because they have been developed more. The obvious response
to this first criticism is that older propositions do indeed have an advantage over newer
propositions, but since the development of the propositions is entirely separate from the
cognitive mechanism behind their adoption, the criticism is not a problem for the Semi-
Stable Set response to (Q), which is primarily concerned with the assigning of value to a
particular theory (anticipating its broadcast to the community).

The second interpretation of the criticism is as follows: a theorist develops
propositions P and R, defined once again such that the conjunction P&R entails a
contradiction. At some point marking a collapse event, the theorist comes to believe that
P, but R continues to exist in the larger set of propositions without an attitude assigned to
it (because the larger set of propositions is governed by an indeterminate logic, and the
membership requirements for the set are governed by irrational mechanisms). Eventually,
in a different collapse event, R comes to be assigned a negative attitude, on the basis that
the theorist believes that P, and a belief that P entails a belief that ~R. It might be said in
this circumstance that P had an unfair advantage over R because it happened to be
assigned an attitude at an earlier time.

Rather than be a criticism of the Semi-Stable Set response, this claim is more so a
proof of principle. The rejection of certain propositions on the grounds that they conflict
with previously developed propositions that researchers believe is in accordance with
science as usual. A theorist cannot rationally believe that both P and that ~P, so the
theorist cannot rationally hold the belief that P&R. As a consequence, if the theorist

already holds an affirmative attitude in regards to P, then the theorist cannot ascribe an
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affirmative attitude to R. Consider, for a moment, the alternative, in which this is not the
case, and that coming to the belief that R at a time t, overrules the belief that P at t,. The
theorist would be compelled to swap their beliefs. Since there is always a risk that at a
later time, a new propositional belief could uproot an old one, the theorist’s confidence in
P at an earlier point in time t; would be undermined. The theorist would never be able to
rationally draw conclusions from their beliefs if, at any point in time, any number of their
beliefs could be swapped out for the opposite beliefs. Given what we hope scientific
reasoning enables us to do, it is incoherent to expect that a model of science (or part of
science) should allow for R to sometimes overrule P, unless there are other evidential
factors that first undermine the belief that P. Insofar as P has an advantage over R
because a belief regarding P formed prior to any belief about R, there is nothing unfair
about it.

The third interpretation of the criticism differs from the second by a key detail:
unbeknownst to the theorist, advanced manipulations of the details of P can show that P
entails ~R, but, lacking that particular insight, the theorist does not know that P and R are
mutually inconsistent. In this case, the proposition R may develop neutrally alongside P.
Alternatively, it may develop sometime after the theorist has come to believe that P.
Eventually, by a collapse event, the theorist comes to believe that R, and for some time
then on the theorist believes that both P and R, unaware of the internal contradiction.
Now imagine that the theorist discovers the inconsistency, or perhaps another theorist
does and alerts the original theorist to the contradiction.

The criticism that a newer proposition R cannot overcome the birth order

advantage of P is now presumably: the theorist must from now on not believe that R,
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because the theorist has believed that P for a longer period of time so far than the theorist
has believed that R. Fortunately, this strengthened criticism is not applicable to the Semi-
Stable Set response. When the theorist comes to believe that P at t;, the speculative object
Obj(P) is formed and disclosed to the research community. Sometime later, the theorist
comes to believe that R at t;, wherein Obj(R) is formed and disclosed to the research
community as well. After some additional time at t3, the theorist comes to believe
(whether by the innovations of others or by their own work) the proposition that P& ~R.
This causes the formation of a speculative object Obj(P<>~R). Since P and R each
already correspond to the speculative objects Obj(P) and Obj(R), the preference of one
over the other is no longer a concern for the Semi-Stable Set response. The scientific
objects are selected or rejected according to the mandates of whichever general
framework of theory selection that the community adheres to. It is easy to see that
Obj(P<>~R) represents the same proposition as both Obj(P) and Obj(R), so long as
P&~R. Therefore, once either Obj(P) or Obj(R) is selected, Obj(P<~R) disappears (that
is to say, it is subsumed by Obj(P) or Obj(R) respectively).

That is all that needs to be said about the worry that the Semi-Stable Set response
fails for the same reason as the Darwinian response previously failed. Unfortunately, the
Semi-Stable Set response seems to be susceptible to a different sort of criticism. Since the
Semi-Stable Set response stipulates that the collapse event is a cognitive feature of the
theorist, rather than a rational component of theory development, the response can give
no insight into what motivates the collapse event. As a consequence, it is entirely unclear
how one might justify that the response adequately captures the successes of speculation

in theory development. As a broad example, (1-8) correspond to the development of a
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truth-tracking scientific field. That is to say, the theories that have been developed by
cosmologists allow the cosmologists to generate claims about the universe, which they
trust based on their trust in the theories that generate those claims. At least in the case of
scientific cosmology, the perceived richness of the contemporary field (the culmination
of an in-depth history of the field as it was presented in Chapter 2) implies that the
theorists along the way were adept at identifying and projecting high-quality speculations
that ultimately yield successful theory.

While there are other examples from the history of science where theorists have
been led down dead-end research paths (some that come to mind include vortex theories
that grew out of Descartes’ speculation that force across a distance requires continuous
matter contact), any large-scale success stemming from speculation at all should be
surprising, if not for some hidden rational explanation. There are some philosophers
whose instincts might be to attribute the successes of science to the accumulation of
evidence to constrain speculations, and to attribute the failures of science as embarrassing
demonstrations of the arbitrariness of some speculations when there is insufficient
evidence to constrain them. This logic is intuitively untenable, as can be shown quite
simply. Given any amount of data, the set of hypotheses underdetermined by that data is
infinite. Constraining the set of hypotheses by increasing the amount of available data,
and thereby eliminating any number of hypotheses from contention, still does not
decrease the infinite size of the set. The development of data cannot meaningfully be said
to increase the probability that a given selected hypothesis from that set of possible
hypotheses will be any more productive than an arbitrary set member. This is not to say

that evidence does not have a constraining effect: the development of data influences
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which questions and concerns most motivate the researchers. Nonetheless, even in the
most data-rich scenarios, speculation plays a role in culling the set of possible hypotheses
(in response to those motivating questions and concerns) that is not accomplished merely
by introducing additional data to further constrain the set.

That cosmologists are able to advance their theories with such few data to guide
the speculations only furthers the claim that speculating is productive due to some
intrinsic feature of the mechanism responsible for picking out the speculations in the
theorist’s mind. By construction, the Semi-Stable Set response cannot provide any
explanation as to how (enough of the time) useful propositions win out and come to be
believed by the theorist. As an approximation of how speculating operates, the Semi-
Stable Set response carries no obvious defects. But a complete story about speculating
should not have to reduce speculations to accidents of deeper cognitive processes,
because doing so would fail to characterize the apparent success of the enterprise.
Instead, a complete account should let us say more about the success of speculations, in
spite of the accidents that emerge from deeper cognitive processes.

Returning again to Linde’s development of chaotic inflation in (8), the productive
research projects that arose from chaotic inflation were only made possible by Linde’s
trust in his speculation, and other’s trust in it as well, following his broadcasting of the
theory. But if trust were always conferred on any speculation, where speculations are
causally connected to accidental cognitive processes, then either we would expect many
more large-scale, dead-end research programs, or the theorist’s trust would not propagate
into the community’s trust. Since neither of these consequences seems to correspond with

actual scientific practices, this is a major shortcoming of the Semi-Stable Set response.
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There is nonetheless a fair bit that is appealing in the Semi-Stable Set response to
(Q), all of which deserves note. In the response, a speculation occurs at the moment when
one part of the semi-stable mental state collapses. This gives a clear point of origin for
the speculative object, so that we are able to historically rehearse a causal story from the
formation of a speculative object up to its acceptance as an entrenched scientific object in
the scientific networks. Within that causal story, the Semi-Stable Set response also
provides an account of how successful speculative objects thrive in the mind of the
theorist, and how the speculative object comes to thrive in the external community
discourse.

Once broadcast to the community of researchers, the speculative object behaves
as an external motive that triggers collapse events in other reasonable theorists on similar
subject matters. Rather than having to presume that future researchers choose to pursue
the speculative object because they perceive the speculative object to have intrinsic value,
the Semi-Stable Set response describes the situation in such a way that does not require
transcendentally free researchers electing to pursue certain speculative objects at the price
of neglecting others. Intuitively, this is more congruent with how we talk about
researchers pursuing speculative topics. There need not be any necessary reason for a
theorist to pursue one topic over another; one topic just strikes the theorist as more
compelling and worth pursuing. The Semi-Stable Set response is the first response in this
chapter that addresses that distinction.

It also provides a plausible explanation for why theorists often adopt speculative
positions well prior to the development of evidence. As seen in the previous chapter,

many of our speculations such as (1), (2), (3), and (6) became entrenched in the
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theoretical community almost immediately, or at the very least they were treated as
serious components of contemporary scientific understanding without much evidence in
their favor. In the Darwinian response, we discussed how the community surrounding
Descartes adopted his speculation in (1) largely without competition, and with no
particular evidence compelling the researchers to accept it. Similarly, in the Popperian
response, we saw how Einstein immediately recognized in (2) the capacity of GR to
radically redirect the scientific community’s work in gravity research, as well as in
astrophysical research. While there was some evidence in favor of GR, and some tests of
GR were immediately apparent, the community embraced the research without waiting
for evidence to compel them to entertain the theory.

When Einstein proposed his cosmological model including the cosmological
constant in (3), the community adopted the speculation without any word to the contrary.
In the 1920s, as data began to imply that astronomical bodies were receding,
cosmologists were not interested in that data. The notion that the universe had to be static
was a speculation so ingrained that the researchers missed some early opportunities to
identify evidence to the contrary. Oppositely, in the case of (6), Guth’s development of
inflation quickly burgeoned into an active field of research in cosmology. The
community was so interested in the implications of the speculation that some began
searching for evidence and others began extending the theory. Today, alternatives to
inflation are treated as fringe theories, even though there is relatively little evidence
confirming the causal mechanism responsible for inflation, or even direct evidence of a

former inflationary epoch.
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If we are to understand how speculations can drive the development of theories
and even entire fields of research for arbitrary lengths of time prior to the advent of new
data, we need a justificatory account of why theorists stay interested in the initial
speculations. The Semi-Stable Set response has provided the first strong justification for
how the scientific community (understood as an idealized set of reasonable scientists)
causes interest in speculative objects to self-perpetuate. In this way, the Semi-Stable Set
response fits the four cosmological cases just discussed. While evidence is needed to
entrench a scientific object in the scientific networks, speculative objects will still
develop in the external scientific discourse prior to any evidence. Speculations may be
robust enough to survive arbitrary lengths of time in the absence of confirming evidence.

Nonetheless, given the absence of a readily available explanation of the success of
a given speculation in the mind of the theorist, the Semi-Stable Set response inadequately
answers (Q). The response provides a plausible description of how a theorist might come
to grant an arbitrary speculation, and why that event entails that the speculation is picked
up by the scientific community, but it explicitly precludes us from investigating whether
or not there is a more rational depiction of the collapse event. Fortunately, we have not
exhausted the domain of cognitive models available to us! In the final proposal in this
chapter, tracking attention in the brain as a scarce commodity saves many of the benefits
of a cognitive model, while also supplying an explanation for the great historical
successes of speculating. Like the previous responses, it too includes drawbacks, but
tracking all the drawbacks of each response will allow us to produce a list of necessary

features in a response to (Q).
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The Attention Economy Response:

At the beginning of the previous response, I provided an explanation of a
theoretical development in common language that was meant exclusively as a model to
motivate a more formal cognitive treatment of the same ideas. Now I will do the same,
telling the same story of (7) in a different way.

When Guth put forth his inflationary proposal, Linde (and others in the
community, including Guth) became very concerned with the graceful exit problem,
which was a mathematically explicit weakness in Guth’s inflationary model. The problem
was greatly troubling, because if there were no way to avoid the problem or to solve it,
then the theory of inflation was discrepant with the large-scale homogeneity of the
observable universe (in other words, the theory was discrepant with an astronomically
large set of data). Greatly troubled by this in light of the appeal of inflation otherwise,
Linde (and others) focused an inordinate amount of attention on searching for a solution.
When Linde found a solution, the success of his proposal in (7) caused others to stop
focusing on solving the graceful exit problem, and instead either to build on the new
theory of inflation or to pursue some other open questions that grabbed their attention.

Generically, attention is the cognitive process whereby an individual awards one
cognitive activity particular concentration. Since there are limited processing resources in
the brain, the increased focus on one activity suppresses the individual’s tendency to
focus on other activities with equal ardor. This implies that attention can equally be
considered the distribution and allocation of limited cognitive resources. The relative

scarcity of attention allows us to overlay an economic model on top of attention, which
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tracks attention as a transacted quantity across a set of cognitive activities. This is as good
a definition as any of the attention economy.

The attention economy provides an alternative cognitive model of speculating.
First, it is important to distinguish the transactors in the attention economy that exchange
the attention, the transacted quantity. We have a certain freedom here to define the
transactors as whatever is most convenient, and to build a consistent model of the
attention economy around the transactors. For example, in certain neurocognitive
contexts, it might be useful to declare that attention is distributed across different regions
or parts of the brain. This definition would track brain scans very effectively, and such
scans would provide a rich transaction history in the brain across a period of time.

Unfortunately, this framework does not reconcile easily with a mentalist
vocabulary, so its uses might be limited in many situations. Another proposal that might
fit a bit better with conventional descriptions of mental states requires that attention be
distributed across different environmental factors that are external to the attending
individual. In this model, statements like “the subject S was distracted from the video by
the thunder and lightening outside the window” are more privileged than “the subject S
was distracted from the video by the sporadic thought of what she will eat for lunch
tomorrow”. In this model, transactions can be documented when there is an externally
assessed change of behavior during or across tasks, especially due to externally available
factors. A transaction history is spelled out across a period of time based on those
observed changes of behavior.

As a final example, the attention economy model most parallel to folk psychology

might stipulate that mental representations are the transactors. A cognitive research group
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interested in mentalist vocabulary might consider attention to be distributed across
various mental representations held by a subject. Unlike the prior attention economy
proposals, this proposal easily recovers statements of the form “the subject S was struck
by the idea that P”. Unfortunately, the detriment of this model is its difficulty reconciling
with available neurocognitive research methods. Furthermore, it is ambiguous whether
there can exist a tidy transaction history across those mental representations, without
commenting on the cognitive nature of those mental representations.

Nonetheless, this final option is most useful to us in our response to (Q), since we
are most interested in evaluating statements that take the form “the subject S was struck
by the idea that P”. Since (Q) concerns a much narrower set of mental representations
than those of interest to the cognitive scientist viewing a generic subject, it is appropriate
to specify a model of the attention economy that is transparent with respect to all mental
representations that do not concern theory development. That is to say, the transactors in
the Attention Economy response to (Q) should be limited to the mental representations
that are related to scientific theories familiar to the theorist.

Intuitively, it seems clear that theorists do not dwell on subjects in science that are
uncontroversial, internally sound, and well established with evidence in their favor. To
the contrary, theorists are interested in subject matters in science that are not so
entrenched. Therefore, to articulate greater specificity in our model, let the transactors of
the Attention Economy response be the structural weaknesses in the networks of
scientific objects, as construed in the mind of the theorist. What does this mean exactly?
For ease of reference, let us define “pain-points” to be the shorthand vocabulary to typify

those structural weaknesses in the theorist’s internal representation of the networks of
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scientific objects. Not to entirely get away with loose metaphor, recall the story above
concerning Linde’s development of new inflation. In Linde’s internal account of science,
the networks corresponding to particle theory and cosmology included Guth’s recent
inflationary proposal. Unlike much of the local structure of the networks, inflation
seemed not to cohere with many other scientific objects. Researchers had been able to
articulate the source of that incoherence very well in the formulation of the graceful exit
problem. With this as an example, the structural weaknesses, or “pain-points” in a
theory are those specific concerns or questions about whether some scientific objects
cohere as well as one might hope with the rest of a well-connected scientific network.
Finally, if pain-points are the transactors and attention is the currency, we still need to
define what signifies that a transaction between pain-points has occurred, so that it is
possible to develop a transaction history over time.

According to the definitions stipulated early in this chapter, speculating is a
process wherein speculations emerge as specific instances that yield speculative objects.
Speculative objects, the products, interact with the scientific networks in such a way as to
modify and reinforce the networks. If attention in the theorist’s brain is distributed across
pain-points, then the speculative objects developed by the theorist will generally modify
the scientific networks at those pain-points. Also, once there exists a speculative object
that modifies the scientific network at a pain-point in such a way as to reinforce the
structural integrity of the networks overall, the theorist then allocates less attention to that
particular region of the scientific networks. It seems obvious by this presentation that
speculations, the development of speculative objects, indicate transactions of attention

away from the region where the speculative object has formed. From a series of
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speculations we may therefore extract a transaction history of attention exchanged
between various pain-points in scientific theories (or, at least, in the scientific theories
and pain-points as they are construed in the mind of the theorist).

Finally, we have arrived at a complete description of the Attention Economy
response. A theorist develops speculations to ease pain-points in established theory.
When a speculation effectively eases the pain-point enough that the theorist moves on to
other pain-points, that speculation has already demonstrated its (economic) value in the
mind of the theorist: there was a transaction of attention between pain-points. The
speculative object is then broadcast to the community on the basis that its value to the
theorist could transpose into the attention economies of other reasonable theorists. The
speculative object, now part of the scientific discourse, could ease the pain-points in other
theorists’ reckonings of science. But as the use of the speculative object becomes
widespread, the lack of evidence supporting the speculative object becomes a significant
structural weakness in the networks. That new pain-point in the minds of many
researchers may eventually yield sufficient work that the speculative object becomes an
evidence-bearing scientific object, which serves to strengthen established theory.
Eventually, the scientific object may even be central to enough evidential claims that it is
deemed entrenched.

There are some aspects of the Attention Economy response that need to be given
more scrutiny. First, there should be no ambiguity about the relationship between the
economics of the internal mental state of the theorist and the external scientific networks.
As was discussed in the Popperian response, since theorists cannot hold an untempered,

uncompressed replication of science in their mind, it becomes useful to talk about the
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internal environment of the theorist. In that internal environment, the theorist maintains
an internal representation of science that is biased toward the areas of science most
familiar to the theorist. In Linde’s case earlier, he only perceives the graceful exit
problem as so critical because his area of expertise is at the intersection between particle
theory and cosmology. Pain-points are therefore structural weaknesses in the networks of
scientific objects as they are construed in the theorist’s limited reproduction of science.
In the internal representation of the scientific networks, pain-points exist where known
data have given rise to systematic discrepancies between scientific objects central to the
theorist’s field of study, which undermine the relations borne between the scientific
objects and therefore threaten the coherence of the theory overall.

An example of this is found in the cosmological developments that anticipated
Lemaitre’s proposal in (5). Both Hubble’s observations and Eddington’s (and Lemaitre’s)
theoretical works had undermined the community’s assumption that the universe was
static and unchanging on the cosmic scale. Lemaitre’s internal representation of science
surely overemphasized cosmology and astrophysics compared to other disciplines, and
since he was aware of the empirical and theoretical progress in his disciplines, he knew of
the discrepancy between contemporary findings and Einstein and de Sitter’s static models
of the universe. In Lemaitre’s internal representation of science, the pain-point
concerning those cosmological models as they related to more contemporary research
attracted much of his attention.

Pain-points also occur in research areas that are underdeveloped or vague. In
these situations, there is theoretical work to be done forming additional edges between

scientific objects, or otherwise providing new speculative objects that bridge multiple
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scientific objects according to already salient data. An example of this sort of pain-point
is found in the development of GR surrounding (2). The Newtonian (and post-
Newtonian) understanding of gravity at the time lacked the sophistication surrounding
electromagnetism, the other well-known field theory. Given the centrality of gravity in
everyday life and in the experiments run by physicists, the failure of theorists to
characterize the mechanism responsible for gravity, and to articulate the precise link
between gravity and non-inertial reference frames, was manifest. This pain-point spurred
the development of GR, as well as other proposals like Weyl’s failed gauge theory of
gravity. GR developed as a geometric interpretation of gravity that was distinct from
electromagnetism on the basis of the equivalence principle. These research projects
emerged in large part because previous efforts to capture gravity as an extension of
Newtonian physics had been to little avail. The potential of Newtonian physics to
generate a complete theory of gravity was exhausted (later research in MOND theories
notwithstanding). Following the early successes of GR and the failure of Weyl’s
gravitational gauge theory, foundational research in some circles concerning gravity
shifted focus onto GR and the implications of (2). One of those implications was the
development of twentieth century cosmology as an indirect probe for claims in GR,
beginning with the circumstances surrounding (3). The broadness of GR provided new
pain-points that were unavailable prior to its development. Attention following the
development of (2) was given to these subjects of inquiry.

In this way, a theorist focuses on pain-points in sequence, oscillating between
some number of them, and sometimes switching to new pain-points altogether. As a

consequence of the underlying difference between any particular theorist’s internal
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representation of science and science generally, one particular pain-point for one theorist
may be less crucial to another theorist. In this way, different reasonable theorists focus on
different pain-points, dedicating large numbers of cognitive resources for some period of
time.*® The process is likely self-perpetuating. As greater attention is given to a certain
pain-point, the theorist’s internal representation of science grows increasingly skewed to
emphasize that pain-point. The cycle of self-perpetuation is only resolved when the
theorist locates a resolution to the pain-point, in the form of a speculation, at which point
the pain-point no longer attracts much attention. At such a point, attention is
redistributed.

In certain situations, the development of a speculation that eases a pain-point is
seriously disruptive (if we were to stretch the economic metaphor, we might even say that
the disruption corresponds to a market crash). Guth’s proposal in (6) reoriented his career
as a theoretician. His familiarity with cosmology grew rapidly as a consequence of his
immersion in the field, and he followed the developments in inflationary cosmology with
high interest. The speculation in (6) eased a pain-point concerning the discrepancy
between observation and prediction of primordial magnetic monopoles, as well as eased a
pain-point at the undeveloped intersection of the networks corresponding to quantum
field theory and early universe cosmology. In Guth’s case, easing those pain-points via
(6) caused him to give increased attention to other pain-points concerning the intersection

of the two fields.

*® In a technical sense, pain-points are understood as structural weaknesses as perceived by the individual
theorist, so no two theorists may ever consider the same pain-point by definition. I mean in this passage to
highlight the broader point that different theorists become preoccupied by different problems, because of
the differing internal representations of science.
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Since the effect of a speculation on the cognition of a theorist is individualistic,
disruptive speculations manifest differently in the minds of different theorists. Consider
Linde in the same time period as Guth. Work at the intersection of particle theories and
cosmology was not new in the Soviet research community. Nonetheless, when Guth’s
popularity due to (6) spread, Linde shifted focus to a much more narrow domain of
inflation. As mentioned earlier, in the theorist’s internal representation of science, a
preoccupation with certain pain-points is self-perpetuating. Certainly, Linde became very
interested in refining inflation to reduce the pain-points that had emerged. (7) and (8) are
early indicators of this new interest over the next three years, and his career since then
has been spent in a similar way: seeking resolutions to pain-points as they arise in
inflationary cosmology. Similar stories can be told of many American theoreticians who
first grew interested in Guth’s work. Steinhardt, for example, switched interests toward
cosmology, particularly with the intent to develop and reinforce (or find reason to
discard) the inflationary program.

Building on this final example, the Attention Economy response also allows for
some external factor to drive a redistribution of attention across pain-points, disrupting
the theorist’s potential for speculation on one subject by bringing them to focus on
another. In the previous case, when another theorist (Guth) broadcast a new speculative
object to the scientific community, the development attracted the attention of other
theorists (e.g. Steinhardt). In the Semi-Stable Set response, one appealing component was
that a new speculative object, rather than having any intrinsic value, had value bestowed

upon it as a product of the relationship between the theorist and the rest of the scientific
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community. Speculative objects were pursued by other researchers simply because those
speculative objects were now propositions available for the other researchers to consider.

The Attention Economy response saves the same idea. Again, there need not be
any intrinsic value to be found in a speculative object. The value of a new speculation is
directly related to its capacity to redistribute the allocation of attention in the cognition
of other theorists. When a large amount of attention in the scientific community is given
to pain-points corresponding to a specific speculative object in the external networks, the
lack of evidence relating the speculative object to other scientific objects becomes a pain-
point for even more researchers. As was the case in the Semi-Stable Set response, this
process induces a self-perpetuating pattern wherein the attention of theorists and
experimentalists alike toward the speculative object (and surrounding topics) drives
scientific progress. Eventually, the increased attention hopefully generates speculations
that lead researchers to the successful acquisition of evidence in the speculative object’s
favor (or, alternatively, the increased attention generates speculations that lead
researchers to dispose of the speculative object in relation to more entrenched scientific
objects).

At this point, we should evaluate explicitly how the Attention Economy addresses
the elements of (Q). As in the Popperian response, new theory emerges out of
modifications to an internal representation of science. In this case, the moment of
conception is better thought of as the moment of relief, when a theorist need no longer
worry about some pain-point to the same degree as that previously held. The moment of
conception corresponds to a major transaction or series of transactions of attention

between pain-points in the theorist’s cognition. This is a tighter definition than in the
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Popperian response, where for some arbitrary reason, one particular modification to the
internal representation of science is declared to be sufficient as to constitute the formation
of new theory. As was the case in the Popperian response, new speculative objects are
independent of the rest of science, because they necessarily represent shortcomings in the
scientific networks (pain-points), at least as the theorist conceptualizes those networks.

Furthermore, the Attention Economy response provides a clear story underlying
the formation of a speculative object. By stipulation, the theorist dwells on pain-points in
scientific theory (attention is distributed across those pain-points), so it is expected that
new propositions considered by the theorist tend to concern those pain-points in such a
way that either eases the pain-point or otherwise significantly disrupts the scientific
networks surrounding the pain-point. In a very particular sense, we can think of those
pain-points as the articulated questions or deficits that arise in the narrative explanation
of incomplete theories. So, when speculations ease the pain-points, they do so by
producing speculative objects that address those questions or deficits, or otherwise
disrupt the field enough to raise new questions in the theories. That is to say, when
speculations yield speculative objects, attention is transferred away from the pain-point
and toward other pain-points. It is therefore obvious that the speculation carries value
corresponding to the transaction. That value, as recognized in the cognition of the
theorist, provides suitable justification for the theorist to project the speculative object
into the scientific discourse.

These explanations span the explicit elements in (Q), but more can be said about
the Attention Economy response in light of related subjects that have arisen in the

previous three responses. First, we should highlight and appreciate the relative success of
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the Attention Economy response relative to the others concerning value. The Attention
Economy response produces a direct causal connection between the mechanism
underlying speculation and the subsequent value of a speculative object as perceived by
the theorist. The Darwinian and Popperian response, for example, suppose that the value
of a speculative object relates to its early success, as evaluated by the theorist. That is to
say, the theorist must at some point declare it to be of sufficient value to justify the
publication or public disclosure of the speculative object.

A pedant might pursue a fault in the Darwinian and Popperian responses based on
the charge of question begging: if a speculative object is broadcast on the basis of its
success in the theorist’s internal conception of science and there is a presumption that
internal success has a fair chance of translating to external success, then the theorist must
still declare a minimum threshold for success. Whatever the mechanism the theorist uses
to quantify the value and therefore obtain a minimum threshold, ¢hat is what is of interest
in (Q), and it is not already a part of either the Darwinian or Popperian response. In the
Semi-Stable Set response, the notion of value was underscored by the nature of the
proposed cognitive mechanisms of the reasonable theorist. In contrast to these proposals,
the Attention Economy response provides a model of the theorist’s cognitive mechanism
underlying speculation that entails a quantifiable (at least in principle) value
corresponding to the speculative object. It is simply a measure of the attention market.

The Attention Economy response also directly responds to the worry that there is
no explanation as to why speculative objects sometimes outlive the contemporary
excitement at the time of their proposal, only to find a use much later. In the Popperian

response, this worry was discussed in the context of the development of the cosmological
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constant in (3). Now, we can frame the case of (3) in a light that removes the worry. The
introduction of pain-points and a currency of attention allows for oddball theoretical
apparatuses to survive for arbitrary lengths of time. Consider how Einstein and de Sitter’s
contributions influenced the external scientific networks at the time, and how the
networks subsequently developed. Both of their works constituted new cosmological
models in the context of GR. Their speculations corresponded to the development of
speculative objects that were broadcast in turn to the community at large. The speculative
objects modified the external scientific networks, forming edges with other scientific
objects relevant to GR.

In particular, since both models incorporated the cosmological constant, the
speculative object corresponding to the cosmological constant grew marginally more
centralized relative to other scientific objects in the network. Generally, the two
developments expanded the domain of GR to include more scientific claims. Especially
in a young field such as GR, this had the effect of creating new pain-points in the theory
to be identified at a later time. In the 1930s, the cosmological constant was abandoned
(its corresponding speculative object was removed) to ease pain-points shared by many
that had formed due primarily to the discrepancy between Einstein’s model and Hubble’s
observations. (De Sitter’s model survived, for other reasons.) When the universe was
detected to be expanding at an accelerating rate at the end of the twentieth century, the
discrepancy between evidence and theory created a new pain point that led theorists to
search for a mechanism that could be appended to the Big Bang model without
substantial internal revisions, so as to ease the pain-point. Immediately, theorists recalled

an ingrained lesson from the history of the field, the development and abandonment of
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the cosmological constant, and noted that a similar mechanism would ease their pain-
point.

Similar stories can be told in the relationships between (6), (7), and (8), though
across a much more condensed timescale. Linde’s new inflation in (7) emerged from the
pain-point of (6): the graceful exit problem. Recall that the graceful exit problem was
named as such because Guth’s old inflation did not feature a suitable explanation for the
transition of our observable universe out of the inflationary epoch. In other words, (6) had
proven (very quickly) discrepant with nearly all evidence. Motivated exclusively by this
problem, Linde sought an alternative model so as to ease the pain-point in inflationary
cosmology. On a grander scale, Linde wanted to preserve the framework of inflation,
because it had just proven a possible way to ease a pain-point at the intersection of
particle theory and cosmology.

Following the development of new inflation, Linde sought a speculation like (8)
to solve a new pain-point that had emerged with the development of new inflation. New
inflation stipulated that there must be a fine-tuned scalar field to enable suitable
inflationary conditions. With this stipulation, Linde was able to describe how our
observable universe transitioned out of the inflationary epoch, in such a way that there
was sufficient time for the region to thermalize and produce the large-scale uniformities
observed today. This model effectively solved the graceful exit problem, at the price of
insisting on a fine-tuned scalar field. There was, therefore, a new pain-point in
inflationary cosmology: either claims about inflation were to be taken as evidence in

favor of a very narrow class of speculative particle theories contrary to the main
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intuitions in the field at the time, or else new inflation had to be abandoned at risk of
discarding inflationary cosmology altogether.

Linde was not alone in attending to this pain-point. One major development that
eased the pain-point was the realization by the particle and cosmological communities
that an arbitrary scalar field could be responsible for inflation, rather than scalar fields
resembling the Higgs field in particular. Though this development reconciled the friction
between particle theorists and the inflationary theorists, it required that the community
postulate additional quantum fields without evidence, propping up the speculative
proposal of inflation with an even more arbitrary speculation. Lacking any details about
the features of this new scalar field (except that it had to drive inflation), it seemed that
the community had merely replaced one pain-point with another with little to gain.

In this context, Linde realized that almost any chaotic distribution under certain
conditions in the new scalar field would allow for inflation to occur approximately as
described in new inflation. His realization made inflation robust to any number of
potential details concerning the unknown scalar field, which eased the pain-point that the
scalar field had to appear in any certain way. In many ways, the development of chaotic
inflation caused the field to greatly increase in productivity. Presently, there are many
models compatible with Linde’s original work. Remarkably, inflationary cosmology
became the dominant paradigm in early-universe cosmology, even though direct evidence
of an inflationary epoch continues to evade researchers. The Attention Economy response
has a ready explanation for the survival of inflation across the many years that
researchers have spent enriching the theory and searching for more evidence: the pain-

points it yields have simply held the community’s attention.
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A final important feature of pain-points (and the Attention Economy response as a
whole) is that it provides a strong framework for discussing the motivations behind how
established theory features changes at every scale (from the minutia of particular
theoretical claims to large scale criticisms of under-evidenced fields). As the examples in
this section have already illustrated, pain-points generally yield speculative objects that
modify pre-existing theoretical architecture. Recall the problem with the Semi-Stable Set
response: it was unclear how theorists filter the set of possible speculations to yield
successful speculations enough of the time. Given the successes of cosmological theory
in the absence of much data, the Semi-Stable Set response seemed unsatisfying without a
further description of some intrinsic feature of speculating that tends toward picking out
productive speculations.

By contrast, the Attention Economy response includes such an explanation within
the economic structure of attention. Pain-points exchange attention until particularly
insidious pain-points (critical questions undermining the integrity of a theory) receive
runaway amounts of attention. At such critical situations, those pain-points must then be
addressed before a reallocation of attention reorients the theorist (and, assuming that the
community of theorists is a set of reasonable theorists, the community at large). In this
way, theory develops both incrementally (with the development of speculations that ease
pain-points) and radically, when the economic framework yields a radically asymmetric
distribution of attention, forecasting a major redistribution of attention. Most of the time,
theory is reinforced when minor pain-points are eased in areas of the scientific network

that correspond to particular theories. In that process, sometimes pain-points are created
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that induce much more disruptive pain-points, leading to the development of new
research projects and fields entirely.

It is with this in mind that [ am comfortable saying that the Attention Economy
response captures the large-scale development of scientific theory with more an air of
accuracy than any of the previous responses, even while focusing on the small-scale
motivations behind particular theorists’ speculations.

Unfortunately, I confess that the matter of how theorists locate particular
speculations that are sufficiently appealing as to ease their pain-points continues to be a
mystery. It is my opinion that philosophy can make little headway on this particular
mystery, at least without the assistance of rich cognitive science and psychology to
inform the philosophy on the details of how thoughts (at the propositional level) form
from pre-cognitive mechanisms. At the start of this section, we considered briefly the
difficulties talking about mental representations in the same framework as neurocognitive
data. The former is reminiscent of folk psychology, while the latter lends itself to a very
material, externally evaluated conception of the mind. Presumably, these two descriptions
should overlay each other, but developing that mapping seems in some ways an
insurmountable task. Insofar as such mappings will hopefully become available, I suspect
that the Attention Economy response in the philosophy of theory development will
continue to grow more robust. I make this claim only on the grounds that the Attention
Economy response should be able to scale onto any attention model of cognition, and I
am confident that attention in the mind tracks any other cognitive model of the brain.

Despite the overarching conceptual appeals, one drawback of the Attention

response is that it provides no qualitative checks to avoid theorists travelling down dead-
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end paths. The self-perpetuating intensification of attention toward one pain-point can
result in an unfounded sense of relief when the pain-point is eased by speculation. At this
time, the cognitive reward cycle can falsely encourage an excess of speculation, wherein
one reasonable idea spurs the development of many less-than-reasonable additions. The
developments proceeding from (1) come to mind, as do the decades following (8).

There are several passages in Descartes’ writing concerning his cosmology of
vortices that highlight, in a sense, his over-eagerness to extend his speculations beyond
legitimacy. In the fourth section, passage 203 of his Principles of Philosophy, Descartes
writes directly to the skeptical reader: “...I first generally considered, from the simplest
and best known principles (the knowledge of which is imparted by nature)... what
perceptible effects would follow from their [imperceptibly small bodies] various
encounters. And next, when I noticed some similar effects in perceptible things, I judged
that these things had been created by similar encounters of such imperceptible bodies...”
In context of his cosmology, Descartes explains in this passage the application of analogy
on top of unconstrained speculation. Recall that in (1), Descartes allowed for the
existence of a universal framework of physics, which he then presumed was governed by
the principle that action over a distance requires continuous contact in between.

With the context of the second speculation, he derived the existence of a universal
medium, so fine grained as to be imperceptible, but responsible for the paths of
perceptible objects over time. Coupled together, these two speculations are sufficient to
propose some sort of aether theory. But Descartes went a step further, developing an
explicit account of fluid vortices in the medium, each of which govern with more finesse

the behaviors of perceptible objects. Building on analogies with perceptible fluids, he
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speculated on the details of the aether. So impressed that speculative reasoning had
enabled him to develop a universal framework of physics, he began speculating on how
different observables might all fit together within one such proposed framework. In
passage 205, he concludes “But those who notice how many things concerning...the
fabric of the entire World have been deduced here from so few principles (even though
they may suppose these principles only by chance and without reason), will perhaps still
know that it could scarcely have occurred that so many things should be consistent with
one another, if they were false.” Descartes sought a detailed cosmology, and in his
enthusiasm mistook the coherence of his eventual explanation built on top of certain
speculations for evidence in favor of those foundational speculations.

In the context of Descartes’ excitement, consider again the development of
chaotic inflation and the inflationary paradigm that has grown in its wake. I worry that a
comparison to Descartes’ vortices is uncharitable, so I will be careful in what I say.
Certainly, inflationary cosmology seems as if it grew out of speculations on top of
speculations. Earlier, we saw how inflation was born out of a pain-point in particle
theory, and how it then developed quickly to accommodate new pain-points in
cosmology. Chaotic inflation broadened the applicability of inflation, and thereby made
its existence more robust in the face of possible criticisms.

The excitement following chaotic inflation has resulted in a large set of chaotic
models of inflation, as well as certain offshoot projects like multi-field inflation and
hybrid inflation, which have not been discussed in this essay. Though the different
models (and different projects) are analytically distinct, and therefore entail radically

different properties in certain characterizations of the universe, a large number of them
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are rendered effectively equivalent by our limited hopes to acquire evidence in the
observable universe. Speculations to ease pain-points of previous speculations have
resulted in a very detailed and expansive network of related speculative objects that are
robust in the face of conflicting data. We should be careful, however, not to confuse that
incredible detail with evidence that the foundational speculations are justified. Though
inflation seems the most promising description of the observable universe early in its
history, it is not difficult to imagine that a radically new speculation could overturn it all.
According to the Attention Economy response, the possibility remains that inflation in
general is a dead-end path. The excitement of its potential does not necessarily relate to
its eventual status in entrenched scientific theory.

To safeguard (somewhat) against the tendency to get over-excited with the
success of speculation in the Attention Economy response, we would need to install some
additional conceptual architecture over the model that favors certain speculations over
others. I have argued outside of this essay that the scientific community favors
speculations that do much in the way of explanation and unification, and equally
discourages speculations that require multiple causal mechanisms. I suspect that a
proposal like this is accurate historically and sociologically, and that it can also be
justified on the basis of deeper philosophical reasoning. In this proposal, it follows, of
course, that the extreme of bad speculating is ad hoc theory development, where each
new explanatory component comes at the price of a newly stipulated mechanism in need
of additional evidence. I will not pursue this line of reasoning further at this time, because
I believe it to be a part of theory development on the scale of scientific research

communities, which is a separate from an analysis of theory development at the level of
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the individual theorist, and therefore is largely irrelevant to the immediate concerns of
(Q). I mention the proposal merely to show how additional discussions beyond the
domain of (Q) could address apparent deficits in possible responses to (Q). The Attention
Economy response does not avoid runaway excitement in a speculative project. The
community, for other reasons entirely, just might come to the rescue. For the sake of

comparison, Descartes operated alone.

In Summary, As Well As Some Concluding Remarks

In this chapter, I have focused on four types of responses to (Q) in an effort to
identify key points toward a complete philosophy of speculating. Based in large part on
the history of scientific cosmology as it was presented in the previous chapter and
recapped in (1-8), each of the four responses were motivated (first) by the tremendous
success of such a speculative field, and (second) by many of the particular details of that
field’s development. Though the four responses were approximately divided into two
rational-universe models and two quasi-rational cognitive models, they all echoed similar
themes. To help consolidate the ideas developed in this chapter, I will now walk through
each major theme and attempt to develop a prescription of what is necessary in an
adequate response to (Q).

In every response, we were interested in the boundary division between the
speculative work of an individual theorist as that work is regarded by the theorist and as
the theorist believes it will be perceived by the community at large. While sometimes it is
appropriate to demarcate the theoretical community from the experimental community
(or, perhaps the directly-relevant theoretical community from the scientific community at

large), the most substantial jump is between the theorist and her immediate scientific
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context. Since (Q) concerns the theorist at the moment of her speculation, the four
responses primarily concerned the earliest stages of theory development. When the
theorist has reason to value her speculation as it contributes to her understanding of
science, she publicizes it, and the speculative object enters into the community’s public
discourse. A response to (Q) must provide an explanation for how the theorist invents a
speculation and then comes to believe that the speculation is of value to the external
scientific networks.

Furthermore, since the introduction of a speculative object into scientific
networks creates a burden on other researchers, the theorist’s belief that her speculation
holds value must be justified in some respect. Lacking a means for justification, there is
little charitable interpretation left as to why a theorist should not be blamed for additional
resources spent in the pursuit of confirmation or disconfirmation of her arbitrary
speculative object. Over the four responses, it became clear that the theorist’s justification
did not have to be internal. That is to say, it is possible (by some responses) that the
theorist is justified in their beliefs according to an externalist justificatory framework —
it is not necessary that the theorist know that they are justified, in order to be justified.
Whether such a consequence of a particular is a feature or a drawback is a discussion I
leave for another day.

Related to that discussion, another theme echoed in each of the responses was
that the theorist’s conviction in a speculative object precedes the community’s adoption
of it. That is to say, even in the Darwinian Response and the Popperian response (the
non-cognitive model responses), the theorist comes to appreciate her speculative object

for some private reason, based on some perceived merits of the speculative object. In the
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latter two responses (the cognitive model responses), we had the luxury of musing on
what mechanisms may determine the merits of a speculative object, according to the
perspective of the theorist. Whatever that mechanism turns out to be, it must provide an
explanation as to how a theorist comes to respect, or perhaps to trust, a scientific claim in
the absence of any evidential support.

Such a mechanism is therefore a necessary condition of speculating. This is
entailed by three propositions that have been implied already but never articulated in

sequence:

(p1) Speculative objects are unaffiliated with previously established scientific objects.
(p2) If a speculative object is unaffiliated with previously established scientific objects, then
no scientific (evidential) conclusions can support it to a greater degree than the degree to

which those conclusions already support preexisting theoretical architecture.

(p3) Some (not all) speculative objects become entrenched components of scientific theory.

(S) There exists some mechanism in the process of speculating that non-arbitrarily assigns a
theorist’s trust to some possible speculative objects and not others.

(p1) and (p2) follow directly from the definition of speculative objects; speculating
results in scientific objects that, at first approach, share no edges with other scientific
objects. Though the speculative objects may soon come to bear evidential relations with
preexisting scientific objects, at the time of speculation they cannot. Since (Q) concerns
those early moments, this is all we are concerned with. (p3) can be split into two claims:
there exists at least one speculative object that becomes an entrenched component of
scientific theory, and there exists at least one speculative object that does not become an
entrenched component of scientific theory. The veridicality of (p3) is obvious by
historical analysis (for example, compare any two rival speculative objects like (5) and

the speculation of a steady-state model). From (p1-p3), it is indeterminable at the time of
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speculation whether new speculative objects will succeed. Theorists cannot properly
assume that any new speculation will succeed, and therefore they must exercise some
selection process to select which speculative objects are worthy of their support.

The maturity of contemporary scientific cosmology also gives weight to the claim
that the selection process in (S) works, at least enough of the time that theorists have not
given up the exercise to wait for more data (or, more particularly, to wait for
experimentalists to achieve the capability to gather more evidence). Dangers arise when
theorists mistake the maturity of under-evidenced theories for evidence in defense of the
theories. But at the scale of an individual theorist, there is every indication that the
reasonable theorist may trust her speculations, in the sense that she may genuinely expect
some likelihood that her speculations will become entrenched theoretical elements of
contemporary science. Even though prima facie the uncountable set of possible dead-end
speculations will always out number the set of possible useful speculations, the selection
mechanism that justifies the theorist’s support of a speculative object is exactly precise
enough that the theorist may continue pursuing her work.

Note that this is not to say that theorists are always able to think of suitable
speculations in solution to theoretical problems. For example, a theory of quantum
gravity has so far been intractable, despite many earnest efforts to bring gravity under a
unifying framework with the other fundamental forces. (S) does not entail that the
mechanism underlying speculation selects the most beneficial speculative objects for the
advancement of science from the entire set of theories that could exist. Rather, (S) only
says that of the set of possible speculations that the theorist is prone to invent, the theorist

comes to support some and reject others on the basis of this mechanism.
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Finally, in the context of this perspective of (S), I may insist that in the theorist’s
activity of speculating, speculation functions according to some hidden process that is
weakly analogous to data-driven theory selection. Just as evidence-bearing data allows
the scientific community at large to maintain larger theoretical networks on the basis of
particular scientific objects, speculation confers support for those same theoretical
networks on the basis of new speculative objects. Of course, an argument of this kind is
never meant to undermine the finesse of theory-laden data to fine-tune how our
theoretical models track the universe. Speculating will always be the cruder first-pass that
spurs theory. Nonetheless, it is remarkable to see how far the seeds of speculations can
get us, when given a large-scale framework of science to nurture and develop them, and
forge the evidential connections between them. Even cosmology has come a long way

from the time of Descartes.
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