
November 2021 

M. Mitchell Waldrop, PhD

Cosmological 
Origins 

 1



TABLE OF CONTENTS 

1. INTRODUCTION……….………………………………………………………………………..4 

2. THE EXPANDING UNIVERSE………………………………………………………………….7 
	 I. SPACE AND TIME: EINSTEIN’S THEORIES OF RELATIVITY……………………….7 
	 II. VELOCITY AND DISTANCE: SLIPHER, HUBBLE, LEMAÎTRE, AND COSMIC 	     
	 EXPANSION………………..…………………………………………………………………10 
	 	 1. Spectroscopy…………………………………………………………..……………. 11 
	 	 2. Standard Candles and Distance Measurements………………………………….….12 
	 	 3. Hubble’s Law and the Age of  the Universe…………………………………………13 
	  
3. THE DISCOVERY OF THE BIG BANG………………………………………………… ……15 
	 I. THE PRIMORDIAL ATOM………………………………………..……………….……..15 
	 II. THE FIREBALL’S FOSSILS……………………………………………………….…….. 16 
	 	 1. Nucleosynthesis………………………………………………………………………16 
	 	 2. The Steady-State Universe v The Big Bang…………………………………………18 
	 III. THE COSMIC MICROWAVE BACKGROUND……… ..…………………… ……….19 

4. BEFORE THE BIG BANG………………………………………………………………………21 
	 I. INFLATION THEORY…………………………………………………………………….22 
	 	 1. Three Cosmic Conundrums……………………………………………………… ..22 
	 	 	 (i) The Flatness Problem……………………………………………………….22 
	 	 	 (ii) The Horizon Problem………………………………………………………23 
	 	 	 (iii) The Monopole Problem……………………………………………………23 
	 	 Box: The Standard Model of  Particle Physics and Beyond……………………………24  
	 	 2. A Spectacular Realization…………………………………………………….. ……25 
	 	 3. Stopping Inflation…………………………………………………………….. ……26 
	 	 4. Wrinkles in the Universe…………………………………………………………….28 
	 II. THE MULTIVERSE……………………………………………………………….. .……29 
	 	 1. Eternal Inflation……………………………………………………………………..29 
	 	 2. The Anthropic Principle…………………………………………………………….30 
	 	 3. The String Landscape……………………………………………………………….31 
	 III. ALTERNATIVES TO THE MULTIVERSE…………………………………….. ..……32 
	 	 1. Varying Speed of  Light, Rainbow Gravity—and a Universe Without Origin.. ……32 
	 	 2. The Big Bounce—Loop Quantum Gravity and Cyclic Universe Models…..………32 
	 	 3. Mirror Universes and Backward Time………………………………………….. …33 

5. THE DARK UNIVERSE…………………………………………………………………………34 
	 I. DARK MATTER……………………………………………………………………………34 
	 	 1. Missing Mass?……………………………………………………………………..…34 
	 	 2. MACHOs or WIMPs?………………………………………………………….. ….36 
	 	 3. Detecting Dark Matter………………………………………………………………37 
	 	 	 (i) Direct Detection……………………………………………………………..37 
	 	 	 (ii) Astrophysical Annihilation……………………… ………………………….38 
	 	 	 (iii) New Particle Production………………………… …………………….. …39 
	 	 4. The Cosmic Web ……………………………………………………………….. ….39 
	 	 Box: Is Dark Matter an Illusion? The Case For (and Against) Modified Gravity .. ..…..41 
	 II. DARK ENERGY……………………………………… …………………………………..42 
	 	 1. The Return of  the Cosmological Constant…… ……………………………………42 

 2



	 	 2. Accelerating Expansion……………………………………………………. . ……..42 
	 	 3. Baryon Acoustic Oscillations………………………………………………………..43 
	 	 4. The Standard Model of  Cosmology………………………………………………..45 

6. THE CRISIS OVER THE AGE OF THE UNIVERSE……………………………………….46	  
	 I. THE HUBBLE TENSION…………………………………………………………………46 
	 II. RESOLVING THE TENSION?..…………………………………………….………….. 48 
	 	 1. Changing the Standard Model of  Cosmology…………………………….. .………48 
	 	 2. The Cosmic Distance Ladder………………………….……………………………48 
	 	 3. Redshift Surveys……………………………………………………………………..49 

7. CONCLUSION: CONCORDANCE AND BEYOND…………………………………………49 
	  
8. ACKNOWLEDGEMENTS……………………………………………………………… ………51 

9. BIBLIOGRAPHY……………………………………………………………………… .. ………52 

 3



1. INTRODUCTION 

They are some of  the oldest questions that human beings have ever asked—renewed again and again 
by every child who looks up in wonder at the sun, the moon, the stars, and the planets: What are they? 
Why do they move and change the way they do? Where do they all come from? And where do we come 
from?  

These questions are so fundamental that every culture and every religion provides answers, often in the 
form of  origin stories that illuminate equally fundamental questions about the group’s identity, 
worldview, values, and purpose. Who are we? How should we live our lives? What is our role in the 
cosmos (Leeming and Leeming 1996, vii)?  

Those origin stories are a fascinating study in themselves, from the Acoma Indians’ tale of  humankind’s 
birth from the womb of  the Earth, to the Hebrews’ story of  God creating the cosmos ex nihilo, to the 
Zulu tale of  a hero who created mountains, cattle, people, and everything else from the reeds (Leeming 
2010). Science doesn’t tackle such cultural questions, but confines itself  to puzzles that can be addressed 
by reason, experiment, and observation. Yet as we will see, that discipline has guided scientists to a 
cosmic story that is far stranger than our ancestors could have imagined—a centuries-long journey that 
has required (at least) four radical shifts in perspective.   

The planets are other worlds, and the stars are other suns. A massive upheaval in Western 
thought began in 1543 when Nicolaus Copernicus published a sun-centered model of  the universe 
(Kuhn 1957). Prior to that, most scholars had assumed that the universe revolved around Earth. 
Copernicus’ motivation was mathematical beauty: he realized that the complex, looping movements of  
the celestial lights known as “planets” (from the Greek word for “wanderer”) would make far more 
sense if  they were actually just circular motions seen from the moving platform of  an Earth that also 
orbited the sun.  

Yet this mathematical exercise upended everything that scholars of  the day thought they knew about 
physics (Kuhn 1957), which may be why Copernicus published his theory only when near death, and 
only after much persuasion. Although the heliocentric model was initially accepted by the Catholic 
Church—it was only mathematics, after all—the Church’s views shifted later in the century, and 
Copernicus’ book was banned in 1616 (Heilbron 2010). Yet the evidence for the heliocentric model 
continued to accumulate. Famously, Galileo Galilei built one of  the first telescopes and pointed it at the 
heavens. What he saw—including mountains on our moon, and four previously unknown moons 
orbiting Jupiter—proved that these points of  light were far more like our world than ever imagined 
(Galilei 1957).  

The heavens and the Earth are one, and operate according to natural law. For most of  
human history it was assumed that the celestial realm is profoundly different from the base matter here 
on the ground. It wasn’t until after the findings of  Copernicus, Galileo, and Johannes Kepler, who 
identified the laws of  planetary motion, that philosophers began to think in terms of  natural law: fixed 
rules that apply everywhere, to everything, at all times. In the 1600s, this notion was made 
mathematically rigorous by Isaac Newton; his laws of  motion and gravity governed both the orbit of  
the moon and the fall of  an apple.  

The universe is very large and very old. The immense size of  the universe was already implied 
by Copernicus’ heliocentric theory in the 1500s: If  you were willing to believe that a tiny, reddish dot 
like Mars was in fact a world like our own, then you also had to believe that it was ridiculously far away. 
(The modern figure is 55 million to 400 million kilometers, depending on where Earth and Mars are in 
their orbits.) And the fixed stars had to be much further still. Otherwise, the closer stars would visibly 
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shift position relative to the more distant stars as the Earth moved around the sun. But it was only in 
the late 1700s that the equally immense scale of  time became apparent, as pioneering geologists began 
to understand that the ancient rocks they saw in cliffs, quarries, and road cuts had been formed by 
erosion, sedimentation, volcanic activity, and the like, over the course of  millions of  years. Scientists 
henceforth had to deal with the dizzying reality of  what one 19th century thinker called “the abyss of  
time” (Playfair 1805). The modern figure for the age of  the Earth is 4.6 billion years and 13.8 billion 
years for the entire universe (Figure 1).     

The universe started small and grew. According to tradition, the world around us was formed 
pretty much as we see it now, with plants, animals, mountains, and oceans, all brought forth in a single 
act of  creation (Leonard and McClure 2004). But according to the story that’s been uncovered by 
science over the past 150 years or so, cosmic history is a long process of  becoming: everything we see 
took shape according to natural law from much simpler beginnings.  

The quest to understand how that happened—and what those cosmic beginnings might be—has 
defined much of  20th- and 21st-century astronomy and physics, and is the subject of  this review. The 
final answer is familiar enough: our universe began with the “Big Bang,” an event some 13.8 billion 
years ago in which space, time, matter, energy, light, and everything else came into being as an 
infinitesimal point of  near-infinite temperature and density.  And the universe has been expanding ever 1

since, allowing the superhot energy of  that initial point to cool and condense into electrons, protons, 
atoms, galaxies, stars, planets—and eventually, us. 

 It’s worth noting that the phrase “Big Bang” is used in different ways. Some apply it only to the initial singularity that’s conjectured to occur at the very 1

first instant of  the universe, when the cosmos is compacted to a point of  infinite temperature and density. But many others use the phrase as a shorthand 

for some or all of  the expansion and condensation process leading up to the formation of  the cosmic microwave background (see Chapter 3). In this review, 

we will generally follow the second convention, but will always try to make the meaning clear in context.
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Figure 1: The 13.8 billion-year lifetime of the universe mapped onto a single year. The scale was popularized by Carl Sagan. 
(Image credit: Efbrazil, shared under the creative common license CC BY-SA 3.0.)



As we’ll see, however, getting to this answer was anything but easy. Again and again, what are now 
considered to be foundational discoveries were met with indifference, incomprehension, or even 
hostility—and achieved widespread acceptance only after accumulating evidence made the new ideas 
impossible to ignore. 

In Chapter 2, The Expanding Universe, we review how this dynamic played out in the discovery of  
the first key piece of  evidence for the Big Bang: the realization that just about all the galaxies in the 
universe are flying apart from one another, like sparks from some titanic explosion. Our story begins 
with Albert Einstein and his two theories of  relativity. The 1905 version, now known as the special 
theory of  relativity, showed that the three dimensions of  space and the time dimension are connected 
and malleable. The 1915 version, known as the general theory of  relativity, showed that this spacetime 
can bend, ripple, and curve—and that its curvature is the origin of  the force we call gravity.  

Meanwhile, in the 1910s, observers training ever more powerful telescopes on the sky discovered that 
the stars that are bright enough to see with the naked eye comprised only a tiny fraction of  our Milky 
Way galaxy, which in turn proved to be an immense flattened disk many tens of  thousands of  light 
years across. Then in the 1920s, astronomers found that even this huge structure is just a dust mote on 
the cosmic scale—that the sky is full of  star-filled galaxies just like ours, located at distances measured 
in millions of  light years. And finally, in the 1930s, astronomers realized that this already vast cosmos is 
getting bigger. The universe—in keeping with Einstein’s equations—is expanding.  

In Chapter 3, The Discovery of  the Big Bang, we trace how astronomers and physicists confirmed 
that the universe began in a cosmic fireball. This conclusion did not come quickly or easily; few 
astronomers in the 1930s were comfortable with the idea of  a cosmic beginning. Attitudes began to 
change only in the 1940s, when a handful of  scientists used the new field of  nuclear physics to calculate 
how thermonuclear reactions would have unfolded during the first few minutes of  the universe. They 
found that the suite of  chemical elements produced in those reactions would form a kind of  fossil 
record of  the event. The abundances they calculated for hydrogen and helium matched the observed 
values very closely.  

This key piece of  evidence was not yet enough to rule out an alternative model to the Big Bang, the 
popular “steady-state” model of  cosmology. But then, in 1964, radio astronomers discovered a bath of  
microwave radiation filling the sky—the Big Bang’s afterglow, comprising particles of  light, or photons, 
that were emitted some 380,000 years after the universe’s birth. This cosmic microwave background 
radiation not only made the Big Bang idea almost inescapable, but it has proved to be the richest source 
of  information for astronomers studying the very early universe. 

Chapter 4, Before the Beginning, recounts how most cosmologists came to believe that the early 
universe underwent an incomprehensibly brief  interval of  incomprehensibly rapid expansion that 
stretched cosmic spacetime as taut as a hyper-inflated balloon. Only after that period of  “inflation” 
would a multi-billion-light-year patch of  spacetime slow down and begin the comparatively tame 
expansion seen today.  

Cosmic inflation explains some otherwise hard-to-understand features of  our present-day universe, 
such as the fact that it’s big, old, and looks pretty much the same in every direction. But things became 
exceedingly weird and controversial when physicists realized that an inflating cosmos might not 
produce just one bubble of  normal, non-inflating spacetime—our universe. In theory, it could just as 
easily produce a multitude of  others. Each would be a universe in its own right, perhaps with its own 
laws of  physics; collectively, they would comprise a kind of  cosmic foam known as the “multiverse,” 
without a beginning at all.  
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Thus the controversy: despite the popularity of  inflation, its proponents have yet to explain when and 
how inflation itself  got started. We conclude Chapter 4 with a sketch of  some prominent alternative 
frameworks to the inflationary multiverse including models in which the speed of  light in the early 
universe was faster, and “rainbow cosmologies” in which different colors of  light follow different 
trajectories in the presence of  extreme gravity; such models suggest there was no initial Big-Bang 
moment, but rather our (lone) universe extends infinitely to the past. We shall also discuss frameworks 
in which the past universe contracted down to a small size and then rebounded outwards following a 
Big Bounce, and those suggesting a mirror universe was birthed alongside our own, with a reversed 
arrow of  time.  

In Chapter 5, The Dark Universe, we look at how astronomers discovered an astonishing fact, which 
is that most of  our universe is utterly invisible. One component of  this invisible sector is a haze of  
“dark matter” that is about five times as massive as all the visible stars and galaxies put together. No 
one yet knows what dark matter is—but it has an overwhelming gravitational influence on the visible 
stars. A second, even more mysterious component of  the invisible sector is “dark energy.” Discovered 
only in the 1990s, dark energy seems to be some kind of  universal cosmic repulsion that is causing the 
expansion of  our universe to slowly speed up.  

The discovery of  the dark universe has helped scientists to home in on a standard model of  cosmology
—our best description for our cosmic origins. Or maybe not. Chapter 6 describes The Crisis Over 
the Age of  the Universe, which has unfolded over the past decade. As our observations have become 
increasingly accurate, measurements of  the cosmic expansion rates obtained from examining the 
cosmic microwave background radiation have consistently shown a small, but worrisome, difference 
from the rates obtained by measurements on the most distant stars and galaxies. This has led to a 
billion-year discrepancy in our estimates of  the time since the Big Bang. The question is whether this is 
the result of  some calibration error, or is revealing something new and profound about our 
understanding of  the universe.  

The final chapter, Concordance and Beyond, summarizes what we know and the three, or possibly 
four, fundamental mysteries in cosmology: inflation, dark matter, dark energy, and (maybe) the 
expansion-rate discrepancy. Over the coming decade or so, high-precision measurements made by a 
new generation of  space- and ground-based telescopes could help cosmologists understand what these 
mysterious phenomena are, how (or whether) they relate to one another, and what they can tell us 
about cosmic origins. 

Back to Table of  Contents 

2. THE EXPANDING UNIVERSE 

The discovery of  cosmic expansion unfolded along two parallel tracks, as theorists and observers found 
themselves coming to the same conclusion only after working in near-total ignorance of  one another. 
The theoretical track involved Albert Einstein’s discovery of  relativity, from which followed a set of  
equations that suggested that the universe is not a static entity. Later, observations by Edwin Hubble 
and others showed that the cosmos is growing. 

I. SPACE AND TIME: EINSTEIN’S THEORIES OF RELATIVITY 

In 1905, Einstein, then just 25 years old and working at the Swiss Patent Office in Bern, found himself  
puzzling over the behavior of  light. He was deeply influenced by the work of  James Clerk Maxwell 
(Mahon 2004), who in the 1860s had mathematically demonstrated that electricity, magnetism, and 
light are three different aspects of  the same thing. Maxwell’s theory of  “electromagnetism” could be 
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summarized in just a handful of  equations (Maxwell 1861). These equations showed that oscillating 
electric and magnetic fields could reinforce each other and go rippling across the universe in the form 
of  a wave—which was predicted to move at roughly 300,000 kilometers per second, which was also the 
measured speed of  a light beam  (Maxwell 1865, pt. VI).  

It was already known that light was a wave of  some kind; Thomas Young had demonstrated that fact in 
1803 (Young 1804). Maxwell’s finding suggested that light is this predicted electromagnetic ripple. Two 
decades later, Heinrich Hertz proved this by generating electromagnetic waves with a radio transmitter 
(Hertz 1887b; 1887a; 1888b; 1888a). The full electromagnetic spectrum includes radio, microwaves, 
infrared, visible, ultraviolet, X-rays, and gamma rays (Figure 2). 

What Einstein found puzzling was Maxwell’s prediction 
about the wave’s speed. The velocity of  light didn’t seem to 
work like speeds do in everyday life. If  you run after a bus, 
for example, the bus will seem to be moving slower relative 
to you, simply because you are catching up with it. And if  
you run alongside at the same speed, the bus will seem 
stationary and you can hop on board. But even as a 
schoolboy in the 1890s, Einstein later wrote, he realized that 
things would get weird if  he tried that same trick with a light 
beam. If  he ran alongside at exactly the speed of  light, then 
presumably he could look over and see the beam just 
hanging in mid-air—a set of  oscillating electric and 
magnetic fields going nowhere. Yet a stationary light wave 
was something that Maxwell’s equations did not allow for at 
all.  

Einstein published his resolution to this conundrum, now 
known as the special theory of  relativity, in 1905 (A. Einstein 
1905). Central to the theory was a profoundly radical 
assertion: the speed of  a light beam in a vacuum is the same 
for every observer, no matter how its source is moving. That 
meant that no matter how fast he ran after a light beam, he 
couldn’t catch up: he would still see it passing him at 
300,000 kilometers per second. And forget about running at 
the speed of  light itself. Einstein also proved that 
accelerating a person or any other massive object to light 

speed would require an infinite amount of  energy. (This turns out to be a consequence of  E = mc2—
easily  the most famous equation ever written (Albert Einstein 1905). It states that mass, m, and energy, 
E, are two aspects of  the same thing; with the constant c being shorthand for the speed of  light.) 

What Einstein would notice as he chased the light beam was a change in its wavelength: if  he were 
running away from the source—or if  the source were moving away from him—the wave would appear 
to be stretched out and shifted toward the red end of  the spectrum. This means that the wave would 
look redder to him—or be more ‘redshifted’—the faster it was moving away. Conversely, if  he were 
running toward the source, the waves would appear to compress and become blueshifted. As discussed 
in section II.3, this redshift effect would prove pivotal in establishing that our universe is expanding. 

To make this constant speed-of-light assumption work mathematically, Einstein derived the famously 
weird consequences of  relativity, including length contraction and time dilation. If  I see your rocket 
ship moving past me at some velocity, for example, then I will see you, your ship, and everything in it 
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Figure 2: Electromagnetic spectrum. (Image credit: 
Penbag, shared under the creative commons 
license CC BY-SA 3.0.)



appear to contract in the direction of  motion. (You would see me contract by the same amount.) 
Likewise, we would each see a slowdown of  every clock in the other’s ship: time would appear to be 
flowing at different rates, including our respective heartbeats and brain rhythms. And if  you perceived 
two events as happening simultaneously, I might very well see them as happening at different times—
and vice versa. (The implications of  relativity on the nature of  the past, present, and future are 
discussed further in JTF’s Time review.)  

These strange effects boil down to one deceptively simple fact: space and time are two aspects of  an 
underlying unity—spacetime—that are perceived differently by observers in relative motion. Spacetime 
became the centerpiece of  his quest to find a more general version of  his relativity theory that would 
encompass gravity, published in 1915 (Albert Einstein 1915b). 

With general relativity, Einstein discovered that 
spacetime isn’t just a rigid framework that exists 
only as a kind of  stage for matter to do its thing. 
Spacetime is dynamic. It can curve and ripple, 
expand and contract. It can even guide how 
particles move. In fact, said Einstein, that’s what 
gravity is—not a force as we usually understand 
it, but a warping of  spacetime that’s produced by 
a star or a planet’s very presence. The standard 
analogy is that the sun bends spacetime like a 
bowling bowl resting on a rubber sheet, while the 
planets that orbit the sun are just following the 
contours of  the warped sheet (Figure 3).   

Testing this theory was tricky. The differences between general relativity and Newton’s law of  gravity 
would be negligible for masses that are small on some cosmic scale, and for objects moving much, much 
slower than the speed of  light. Still, Einstein came up with three observations in which the tiny 
differences might be detectable. One, an infinitesimal slowdown in the vibration of  atoms located deep 
in a gravitational field, was too subtle for instruments of  the day. But another, a tiny, but steady shift in 
the orbit of  the fastest-moving planet, Mercury, had been known (and defied explanation) since the 19th 
century; general relativity fit the anomalous data almost exactly (Albert Einstein 1915a). And the third, 
a slight deflection of  starlight passing close to the sun, was confirmed in spectacular fashion when 
astronomers observed the total solar eclipse of  May 29, 1919 (Dyson, Eddington, and Davidson 1920; 
Catchpole and Dolan 2020). 

Einstein also predicted that spacetime could sustain ripples—or gravitational waves—but these seemed 
beyond experimental reach (Albert Einstein 1916). However, a century later, the Laser Interferometer 
Gravitational-Wave Observatory, LIGO, famously reported detecting ripples generated when two black 
holes merged, some 1.3 billion light years from Earth (Abbott et al. 2016).  

But that is jumping ahead. Back in 1917, Einstein was laying the foundations for modern cosmology 
with a paper that would have immense implications for our understanding of  spacetime’s origins—and 
that made Einstein himself  quite uncomfortable (Einstein 1917). Einstein started by asking what 
relativity could tell us about the universe as a whole. To find out, he applied his equations to what 
seemed like a common-sense approximation of  the universe: an immense sphere filled with a uniform 
distribution of  stars. He assumed it was stable and unchanging in size. But the universe that Einstein 
found in his equations was anything but stable. No matter how his cosmic sphere started out—
expanding, stationary, contracting—general relativity decreed that it would end up collapsing to a 
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Figure 3: Massive objects like planets curve spacetime, as shown in 
this artist’s illustration of Einstein’s conception. (Image credit: 
Science@NASA.)



point. The gravitational attraction between all those stars would eventually win out and pull everything 
inwards.  

To Einstein, this was unacceptable. He felt so strongly, in fact, that he ended up modifying general 
relativity itself, by adding a tiny constant to the equations. Such a “cosmological constant,” as it came 
to be known, would be too small to detect on the scale of  the solar system, which explained why 
nobody had noticed it earlier. But over cosmological distances it would produce a tiny, but steady 
repulsion—just enough to counteract the mutual gravitation of  the stars and prevent a cosmic collapse. 

But there was mounting theoretical evidence that this stable picture was wrong. In the early 1920s, for 
example, Alexander Friedmann showed that a spherical universe was just one possibility among many 
others allowed by general relativity (Friedman 1922; Friedmann 1924; 1999). Friedmann’s solutions 
encompassed both expanding and contracting universes, and allowed for curvatures that were positive 
(Einstein’s sphere), zero (infinite flat space), or negative (an infinite space shaped something like a 
saddle). At the time, Einstein just assumed that Friedmann had made a mathematical error. Even after 
Einstein was convinced that the equations were correct, he dismissed the non-static results as 
“unphysical.”  

Einstein wouldn’t change his mind about cosmic stability until 1931—after he realized that all the 
observational evidence astronomers were accumulating was against him: the universe was indeed 
expanding.  

II. VELOCITY AND DISTANCE: SLIPHER, HUBBLE, LEMAÎTRE, AND COSMIC 
EXPANSION 

Among the most vexing mysteries that astronomers faced at the beginning of  the 20th century was the 
puzzle of  spiral nebulae: faint, fuzzy pinwheels of  light found by the thousands all over the sky. The 

most famous (and one of  the few visible to the 
naked eye) was a gossamer patch of  light in the 
constellation of  Andromeda (Figure 4). The 
debate over what these objects were raged well 
into the 1920s. Most astronomers believed the 
spirals were comparatively nearby objects—
abnormal stars that had somehow become 
shrouded within whirlpools of  gas, perhaps, or 
brand-new solar systems caught in the act of  
forming. A minority argued that spiral nebulae 
were other “island universes”—what today we 
would refer to as “galaxies.” Bolstering this 
notion were observations dating back to 1785, 
when William Herschel counted the number of  
stars he could see in each direction with his 
telescope and concluded that they formed a 
vast flattened disk aligned with the pale river of  
light known as the Milky Way (Herschel 1785). 

Indeed, the Milky Way was just the disk seen edge-on from the perspective of  the solar system.  

The most compelling argument against the idea of  other island universes (or other galaxies in today’s 
parlance) was that such large entities would have to be millions of  light years away to explain why they 
looked so small from Earth. Most astronomers found this utterly implausible. 
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Figure 4: The Andromeda Galaxy, M31, is about 2.5 million light years 
away. (Image credit: NASA/JPL-Caltech.)



To resolve this dispute, astronomers sorely needed data. Fortunately, they were making rapid progress 
on two tools that could give it to them. The first, “spectroscopy,” enabled them to measure what distant 
cosmic objects are made of  and how fast they are moving, by looking at the light they emit. The second 
used a special kind of  star with very well understood properties as a “standard candle” to measure the 
distance to other galaxies. These techniques are described in some detail below. It is worth 
understanding how they work because, as we shall see, they underpin many of  the modern observations 
to be discussed in Chapter 5 and lie at the heart of  the current controversy over estimates of  the age of  
the universe, as described in Chapter 6.  

1. Spectroscopy 

Spectroscopy is based on the 19th-century discovery that atoms and molecules will emit or absorb light 
only at certain characteristic wavelengths. These wavelengths are generally called “lines” because that’s 
what they looked like in 1814, when Joseph von Fraunhofer peered at the sun with a new instrument he 
called a spectroscope and saw a thin sliver of  sunlight spread sideways into a rainbow. It was a rainbow 
interrupted by hundreds of  vertical black lines, each representing a wavelength where the light was 
missing (Figure 5). Fraunhofer detected similar lines in the light from prominent stars, as well as bright 
lines in candle flames and the like.  

  

 

Fraunhofer’s work was cut short by toxic fumes from his glassmaking; he died in 1826, at age 39. More 
than three decades later, however, Gustav Kirchhoff  and Robert Bunsen discovered that the bright and 
dark lines produced by any given substance were like photographic negatives of  one another. If  you 
heated a sample of  that atom or molecule in a flame—using a “burner” of  Bunsen’s own design—it 
would emit a pattern of  bright lines. If  you placed a gaseous form of  the sample in front of  a brighter 
source, it would absorb light at those same wavelengths and form an identical pattern of  dark lines. 
Indeed, this pattern could identify the substance as reliably as a fingerprint.   

For astronomers, this meant that they could compare the lines that they saw in a star or nebula with 
emission patterns seen in the laboratory and determine the object’s chemical composition. Finer 
details, such as the width and intensity of  the lines, determined the object’s temperature and how fast it 
was rotating. And by measuring how far the lines were shifted toward the blue or red end of  the 
spectrum, they could get an accurate measure of  how fast the object was moving toward or away from 
us.  In 1912, using a state-of-the-art instrument at the Lowell Observatory in Arizona, Vesto Slipher 
observed the Andromeda nebula—and was astonished to find its lines strongly blueshifted, meaning 
that this spiral was moving toward us at roughly 300 kilometers per second (Slipher 1913; 
O’Raifeartaigh 2013; Nussbaumer 2013). For comparison, this was roughly 600 times the speed of  a 
rifle bullet, and so much faster than the motion of  any known star that Slipher had to wonder if  he’d 
made a mistake.  
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Figure 5: Fraunhofer lines from the sun.



He hadn’t; other astronomers soon confirmed Slipher’s result (although the modern figure for 
Andromeda’s approach speed is 110 kilometers per second). But as Slipher collected spectra from 
dozens of  additional spiral nebulae, he did find that Andromeda’s blueshift was the exception rather 
than the rule. Most were redshifted—meaning they were moving away from us, at immense speeds 
(Slipher 1917). The data brought Slipher into the island-universe camp. He reasoned the spirals must 
be far, far away, because any nearby object that was moving that fast would have escaped the Milky 
Way long ago.   

To nail down the island-universe hypothesis beyond a doubt, however, somebody would have to 
measure the spirals’ actual distances. And distance measurement, happily, was the other astronomical 
tool that was progressing rapidly. 

2. Standard Candles and Distance Measurements 

Until just a few years earlier, the only known way to find celestial distances was with parallax, which is a 
geometric effect that’s easy to see: just hold up a finger in front of  your face, and then alternately close 
your right and left eyes. Notice how your finger seems to jump back and forth relative to objects on the 
far side of  the room, by an amount that increases as you move your finger in, and decreases as you 
move it out. Much the same thing would happen if  you made simultaneous observations of  the moon 
from the opposite sides of  the Earth: the two views would show the moon shifted relative to the distant 
stars. From there, it would just be a matter of  elementary geometry to calculate the moon’s distance, 
which is about 234,000 kilometers.  

By the 18th century, observers had used variations on this idea to fill in most of  the distances within the 
solar system. And they kept trying to do the same thing with stars, although the stars are so distant, the 
effect was miniscule. The first compelling evidence for stellar parallaxes had to wait for the advent of  
bigger and better instruments in the 19th century (Webb 1999, 71–72). Even into the 20th century, 
however, the inevitable uncertainties in the measurements made parallax essentially useless for 
determining distances beyond a few hundred light years—not nearly far enough to settle the spiral 
nebula question. 

What finally shattered that limit was the Harvard College Observatory’s 1908 publication of  a 
meticulous survey of  1,777 variable stars in the Large and Small Magellanic Clouds—irregular swarms 
of  stars shining in the southern sky like detached pieces of  the Milky Way (Leavitt 1908). Variable stars 
are those that repeatedly brighten and dim on a more or less set schedule, and had been known for 
centuries. But the survey’s author, Henrietta Swan Leavitt, realized that the brighter stars in her catalog 
tended to vary over longer periods. Since all the stars in a given Cloud were essentially the same, albeit 
unknown, distance from Earth, a difference in their brightness seen on Earth must correspond to a 
difference in their intrinsic brightness—a quantity known as a star’s luminosity.  

Leavitt followed up in 1912 with a detailed study of  25 variables in the Small Magellanic Cloud 
(Leavitt and Pickering 1912). These variables were a type known as Cepheids, which wax and wane 
over the course of  days or weeks. Leavitt found a clear relation between each variable’s period and its 
average brightness: measure one, and you would know the other. That meant, in Leavitt’s phrase, that 
the Cepheids could serve as “standard candles” for cosmic distances: Anywhere you found one, you just 
had to time its dimming and brightening to measure its period, then use Leavitt’s relation to find its 
true luminosity. From there, finding the Cepheid’s distance would be a simple matter of  comparing 
how bright it looks to how luminous it truly is. (Any star’s apparent brightness will follow an inverse 
square law: when it’s twice as far away it will look one fourth as bright, and so on.)  
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Or rather, the calculation would have been simple if  anyone could determine the true luminosity of  
Leavitt’s variables, which she herself  couldn’t do because the actual distance to the Small Magellanic 
Cloud was unknown. But others soon filled that gap by measuring the distance to nearby Cepheids 
using parallax (Hertzsprung 1913; Shapley 1918a). Once that had been done, Leavitt’s relation could 
be used to determine the distance to Cepheids located further away. As soon as 1918, in fact, Harlow 
Shapley had used Leavitt’s relation to make an astonishing discovery about the Milky Way star system 
(Shapley 1918a; 1918b). 

It was big.  

Using what was then the world’s largest telescope, a 100-inch (2.5 meter) reflector at the Mount Wilson 
Observatory above Pasadena, California, Shapley found that the Milky Way, the clusters, and the 
Magellanic Clouds together encompass a volume some 100,000 times larger than anyone had 
imagined. Shapley’s best guess located our solar system roughly 60,000 light years out from the center. 
(The modern figure is about 26,500 light years.)   

In his papers, Shapley referred to this Brobdingnagian structure as “the galaxy,” an old word for the 
Milky Way as seen with the naked eye. (It comes from galaxias, the Greek term for “milky.”) He assumed 
that this galaxy comprised the entire universe. But it was soon to be joined by others. In 1925, Edwin 
Hubble described his observations of  the Andromeda nebula and several other spirals using the Mount 
Wilson 100-inch (E. P. Hubble 
1925). They turned out to be 
made not of  gas, but of  stars. 
Andromeda, said Hubble, lay 
some 930,000 light years from 
Earth—far beyond the Milky Way 
structure found by Shapley. 
(Hubble ’s d i s tance was an 
underestimate. The modern 
figure is 2.5 million light years.) It 
was a galaxy in its own right. 

In the 1920s, Hubble continued 
to gather galaxy distance data 
with Milton Humason (Webb 
1999, 239–45). And somewhere 
along the way, he took 18 galaxies 
for which he had decent data and 
plotted his distances versus the 
mysterious redshifts measured a 
decade earlier by Slipher. The plot showed a clear trend: the further away a galaxy was, the faster it 
was receding from us (E. Hubble 1929) (Figure 6). 

3. Hubble’s Law and the Age of  the Universe 

Hubble’s result is now hailed as one of  the most transformational discoveries in cosmology. Yet, at the 
time, almost no one, including Hubble, knew quite what to make of  it. One physicist who did know 
what Hubble’s data implied was Georges Lemaître, who had a grounding in both observational 
astronomy and general relativity theory. (He also happened to be a Catholic priest.) In 1927, Lemaître 
had independently reached much the same conclusion that Friedmann had in 1924—that the universe 
is almost certainly not static. Unless the universe is very precisely balanced, à la Einstein, it will either 
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Figure 6: Hubble’s original plot of the velocity-distance relation among extra-galactic 
nebulae.  (Image credit: PNAS  March 15, 1929  15  (3)  168-173, © (1929) National 
Academy of Sciences.)



be expanding or contracting—with or without a cosmological constant. Unlike Friedmann, however, 
Lemaître had pointed out a striking observational consequence of  that fact: if  the universe is 
expanding, then the cosmic sphere will get bigger and bigger over time and take the galaxies along for 
the ride. So from the vantage point of  any one galaxy, every other galaxy will appear to be receding 
with a velocity proportional to its distance (G Lemaître 1927; (English) Georges Lemaître 1927). 

Unfortunately, Lemaître had written his paper in French, and published it in a small Belgian journal 
that few astronomers saw.  When Lemaître told Einstein about his work at a conference later in 1927, 
Einstein praised the younger man’s mathematics—but went on to say, “from the physical point of  view, 
that [result] appeared completely abominable” (Luminet 2011).  

Lemaître’s paper didn’t come to wider attention until January 1930, after he read about the confusion 
that Hubble’s findings had caused at a meeting of  the Royal Astronomical Society and sent a copy to 
the renowned astronomer Arthur Eddington, with whom he had studied. Eddington immediately 
became the young priest’s ardent champion. In 1930, he published a commentary in which he raved 
about Lemaître’s results and pointed out that Einstein’s static-universe model of  1917 was about as 
stable as a pencil balanced on its point. The slightest perturbation would send it toppling one way or 
another, into expansion or contraction (A. S. Eddington 1930).    

Meanwhile, Hubble and Humason had extended their observations out to galaxies lying many times 
farther away than the 18 in their original sample and found that the straight-line relation between 
distance and redshift continued unabated (E. Hubble and Humason 1931). Writing v for the speed at 
which a galaxy is moving away and D for its distance from Earth, and using the modern notation H0  
for the constant of  proportionality (today known as the Hubble parameter), this became “Hubble’s 
Law,” v = H0D—the relationship between velocity and distance that Lemaître had said would govern 
the motion of  galaxies in an expanding universe. 

This relation continues to be of  fundamental importance to cosmology—not least because measuring 
H0 automatically yields an estimate for the age of  the universe; the bigger it is, the smaller the 
universe’s age, and vice versa. This was a bit awkward for Hubble and Humason in 1931, however: 
their value for H0 was 558 kilometers/second per million parsecs, which required the universe to be 
only one or two billion years old. That was tough to reconcile with the apparent age of  the Earth and 
sun. Only later would a recalibration of  the Cepheid distance scale move estimates for H0 down into 
the modern range of  roughly 70 kilometers/second per million parsecs, corresponding to a cosmic age 
estimate of  13.8 billion years. That said, however, we shall see in Chapter 6 that getting the value of  H0   
much more precise than that continues to be a matter of  intense controversy, calling into question our 
estimates of  the age of  the universe, and perhaps suggesting we need to rethink our models of  the early 
universe.   

In the meantime, Einstein’s belief  in a static universe was crumbling. In 1931, Einstein wrote in a 
report to the Berlin Academy of  Sciences that he had been wrong, that the work of  Hubble had 
changed everything, and that “the assumption of  a static nature of  space is no longer justified” (Harry 
Nussbaumer 2014).  

The universe was indeed expanding. 

Back to Table of  Contents 
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3. THE DISCOVERY OF THE BIG BANG 

Even after the expansion of  the universe was discovered in the 1930s, the notion that it implies a 
cosmic beginning was far from clear. For most astronomers of  the day, the question of  where the 
universe came from was a non-issue—a fine topic for philosophers, theologians, and late-night dorm 
debates, maybe, but much too nebulous a subject for serious researchers (H. Kragh 2008).  

Perhaps astronomers shared Einstein’s deep-seated belief  in a static universe. Or perhaps they just 
didn’t want to face the inevitable follow-up question: if  there was a “beginning,” then where did that 
beginning itself  come from? This seemed to be a mystery that was unanswerable by any known 
physical law (but one that we will return to in Chapter 4, when we discuss how scientists are now 
addressing this puzzle). In 1931, for example, Arthur Eddington gave a talk admitting that while it was 
logically possible for time to have a beginning, philosophically “the notion of  a beginning of  the 
present order of  Nature is repugnant to me” (Arthur S. Eddington 1931).  

Indeed, this reluctance to contemplate cosmic origins was so entrenched that what we now call the Big 
Bang had to be rediscovered three times, in different ways, before the idea finally took hold.  

I. THE PRIMORDIAL ATOM  

The first discovery was triggered when the British journal Nature published Eddington’s 1931 address. 
Georges Lemaître saw the “repugnant” comment and quickly wrote a rebuttal (G. Lemaître 1931). 
Although Lemaître was a Catholic priest as well as a physicist, his objections had nothing to do with the 
Biblical creation account. Rather, it had everything to do with the newly revealed physics of  the 
quantum realm, where small particles behave in ways alien to our everyday experience. Lemaître wrote, 
“I would rather be inclined to think that the present state of  quantum theory suggests a beginning of  
the world very different from the present order of  Nature.”  

After all, Lemaître explained, as time passes, the total energy of  the universe must inevitably get 
subdivided among more and more “quanta”—what we’d now call elementary particles. So if  we 
imagine the clock running backwards toward the beginning, said Lemaître, “we must find fewer and 
fewer quanta, until we find all the energy of  the universe packed in a few or even in a unique 
quantum”—a single small entity whose decay would give rise to the universe as we see it today. 

And what came before the first quantum? The question is meaningless, Lemaître suggested, because it’s 
likely that space, time, and matter came into being together, emerging as collective phenomena from 
the behavior of  groups of  quanta. In this, Lemaître anticipated the thinking of  21st-century quantum-
gravity theorists, who are today investigating how spacetime may emerge from something more 
fundamental (see JTF’s Emergence review). 

Lemaître was wrong about the specifics of  this process. His guess was that the first quantum was some 
kind of  primordial atom: a titanic atomic nucleus that contained the entire mass of  the universe. It 
wasn’t, as we’ll discuss below. But that mistake doesn’t change the fact that Lemaître had given the first 
recognizable description of  a Big-Bang origin for the cosmos.  

Lemaître elaborated on this idea just a few months later with the publication of  another Nature essay, 
which included another prescient suggestion: The initial expansion of  the universe, he said, must have 
been very fast, and the matter it contained must have been very hot. These initial fireworks at the 
beginning of  the universe would produce a kind of  afterglow: radiation that would still be streaming 
down from the sky (A. G. Lemaître 1931, 705). Here too, Lemaître was wrong on the specifics; he 
believed that this afterglow is the source of  the celestial particles known as cosmic rays, which are now 
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thought to originate much later in cosmic evolution. But, as we will see in section III, there is a Big-
Bang afterglow—although it wouldn’t be detected for another three decades. 

In the meantime, however, Lemaître’s concept of  cosmic origins drew little attention. It was only in the 
late 1940s that another group of  researchers would reason that the universe must have originated in a 
tiny fireball, in order to explain how the chemical elements came to be. 

II. THE FIREBALL’S FOSSILS 

This second discovery of  the Big Bang began with a seemingly unrelated question: what makes the 
stars shine?  

It had been obvious since the 19th century that neither the sun nor any other star could be burning like 
candle flames. There is no oxygen in space to support combustion and, even if  there were, the stars 
would have exhausted any available fuel and burned out long ago. In 1920, though, Eddington 
suggested a new possibility based on two empirical facts. First, physicists had recently established that 
every atom in the universe consists of  a tiny, dense, positively-charged nucleus surrounded by a fluffy 
cloud of  negatively-charged electrons. And second, the lightest element, hydrogen, had a nucleus that 
was one quarter of  the mass of  the second lightest element, helium.  

This led Eddington to wonder—what if  the hot, dense conditions inside the sun somehow allowed 
those four hydrogens to fuse into a single helium nucleus? He knew that the latest high-precision 
laboratory measurements showed that the mass of  four hydrogen nuclei taken together was actually a 
bit larger than the mass of  one helium. And since that was the case, he realized, Einstein’s celebrated 
equation E = mc2 (see Chapter 2.I) implied that the excess mass would be transformed into a huge burst 
of  energy—enough to be the power source of  stars (A. S. Eddington 1920, 354). 

Eddington was right: today this process is called thermonuclear fusion, and it does indeed power the 
stars. But proving it would take a while. Astronomers were initially skeptical because they thought stars 
did not contain enough hydrogen to keep such reactions going. In fact, that confusion wasn’t cleared up 
until 1925, when Cecilia Payne showed that those hydrogen estimates were based on an incorrect 
reading of  spectral lines—features in the light of  a star that reveal how much of  each chemical element 
it contains (see Chapter 2.II.1). In fact, hydrogen is actually by far the most abundant element in any 
star, followed by helium (Cecilia Helena Payne 1925; Cecilia H. Payne 1925). The modern figures are 
75% hydrogen, 23% helium, and about 2% heavier elements (Dayah 2017).  

But that insight just forced astronomers to confront new questions. Why, for example, does virtually 
every star have that same three-to-one ratio of  hydrogen to helium? Why do the heavier elements form 
such a tiny fraction of  the cosmic total? And why are some of  the elements in that fraction, such as 
carbon or oxygen, so much more abundant than elements such as lithium or boron? 

1. Nucleosynthesis 

The 1930s were a good time to be asking such questions, since physicists were finally getting 
somewhere in their efforts to understand the atomic nucleus. One of  their major achievements was 
discovering that each atomic nucleus contains two types of  particles: positively charged protons that 
determine which element it is—one proton for hydrogen, two for helium, six for carbon, and so on—
plus a roughly equal, but variable, number of  electrically neutral neutrons that determine which 
isotope it is. The six protons in carbon, say, can be joined by six, seven, or eight neutrons to make 
carbon-12 (the most common isotope), carbon-13 (rare), or carbon-14 (which is unstable and 
radioactive). 
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Holding these particles together is a “strong” force that only the protons and neutrons can feel; the 
much lighter, negatively charged electrons that orbit the nucleus are impervious to it. This force is far 
stronger than gravity or electromagnetism—and it has to be, to keep the electrostatic repulsion between 
the positively charged protons from tearing the nucleus apart. Yet it’s extremely short-range: the 
protons and neutrons in the nucleus practically have to be touching for the strong nuclear force to have 
any effect at all. 

Taken together, these properties explained how new elements can form from existing nuclei via a 
“nucleosynthesis” process, which boils down to smashing things together and letting the protons and 
neutrons reshuffle themselves. This can happen only in the most extreme environments, however. 
Thanks to electrostatic repulsion between the positively charged protons, nuclei can get close enough to 
fuse only if  they are raised to temperatures measured in millions or even billions of  degrees. And 
scientists soon realized that there are only two places where conditions like that can occur in nature. 
The first is the interior of  stars; by the late 1930s, physicists had begun to work out precisely how 
thermonuclear fusion generates the energy to keep stars shining–and in the process, creates the heavy 
elements that make up the Earth and all of  us who live on it (Bethe 1939).    

A prime catalyst for this work on stars was George Gamow; but by 1946, Gamow had turned his 
attention to the second possibility for nucleosynthesis (Gamow 1946): could at least some of  the 
chemical elements have been born in the very early universe? Gamow tackled this question with two 
young colleagues, Ralph Alpher and Robert Herman. And, in an extraordinary burst of  creativity, the 
trio separately and together produced 11 publications on early-universe nucleosynthesis in 1948 alone 
(Peebles 2014; Chernin 1995; Gamow 1948).   2

The picture they arrived at is very close to modern thinking, starting with their realization that the 
initial state of  the universe was a superheated soup of  protons and neutrons at around 10 or 20 seconds 
after its birth. They made no attempt to push back any closer to that initial instant, t = 0: the 
cosmological equations of  Einstein’s general relativity showed that if  they had tried to they would have 
been faced with a universe compressed into a single point—a singularity of  infinite density, infinite 
temperature, and zero size, where no known laws of  physics could possibly apply. (Two decades later, 
Roger Penrose and Stephen Hawking would show that such singularities are inevitable in Einstein’s 
theory (Penrose 1965; Hawking 1966).) 

So instead, Gamow, Alpher, and Herman simply took the soup of  protons and neutrons as a given—we 
will return to its origins in Chapter 4—and traced how it would have evolved as the universe expanded. 
Their calculations showed that within just a few minutes after t = 0, the rapidly cooling brew would 
have condensed into nearly pure hydrogen and helium, with element- and isotope ratios close to those 
we see today (Helge Kragh 2001, 166). 

Almost as an afterthought, moreover, Alpher and Herman reached an additional conclusion: the 
radiation emitted from that primordial fireball would still be around, just cooled and redshifted by 
billions of  years of  cosmic expansion (Ralph A. Alpher and Herman 1948). This was similar to what 
Lemaître had suggested in 1931, except that Alpher and Herman’s more sophisticated calculations 
suggested that today we would see that radiation not as cosmic rays, but as photons with a temperature 
just a few degrees above absolute zero—a frigid value that would put the photons’ wavelengths in the 
microwave region of  the spectrum.  

 The first of  the 1948 papers, written by Alpher and Gamow, is also famous for a non-physics reason: Gamow jokingly 2

added physicist Hans Bethe as the second author, although Bethe had not contributed to the research, so that when the list 
was read out loud it would rhyme with the alpha-beta-gamma start of  the Greek alphabet (R. A. Alpher, Bethe, and Gamow 
1948).

 17



In hindsight, that prediction would come to look very prescient indeed. But at the time, like Lemaître 
before them, Gamow, Alpher, and Herman soon saw their work sink into obscurity—not least because 
the tiny community of  cosmologists became caught up in controversies over a rival cosmological theory 
from 1948.  

2. The Steady-State Universe v The Big Bang 

As they later recalled it, the three young physicists Hermann Bondi, Thomas Gold, and Fred Hoyle 
were motivated by a profound distaste for the very idea of  a creation event (Helge Kragh 1996, 162). 
Their problem, of  course, was that if  the universe was expanding, then a cosmic beginning seemed 
unavoidable.  

It was Gold who first thought of  a resolution: What if  empty space wasn’t quite empty? What if  the 
vacuum were somehow generating new matter—neutrons, possibly—at some low rate? If  so, then as 
the universe grew and galaxies moved apart, this newly generated matter would pop up out of  empty 
space to fill in behind them and keep the average cosmic mass density a constant. A quick calculation 
showed that the continuous creation process would only need to generate a mass equivalent to a few 
new hydrogen atoms per cubic meter per million years—a rate that would be completely unobservable. 
Such a universe would be always expanding yet never changing—and would not require an origin 
(Bondi and Gold 1948; Hoyle 1948).  

The model did not attract much notice until the BBC invited Hoyle to discuss his ideas in a radio 
lecture aimed at the general public (“Fred Hoyle: An Online Exhibition” n.d.; Helge Kragh 1996, 191). 
The BBC broadcast is remembered today mainly because Hoyle coined the term “Big Bang” while 
trying to disparage the main rival to his steady-state model. But at the time, Hoyle’s high-profile 
advocacy for the steady-state idea also ignited intense controversy among his fellow scientists. Some 
embraced it as an elegant way to get around the cosmic-origin problem. Others despised it, on the 
grounds that continuous creation was an utterly ad-hoc assumption that violated some of  the most 
fundamental principles of  physics—not the least 
being the conservation of  energy. 

A particularly urgent question for the steady-
state advocates was to understand where the 
heavier chemical elements came from and why 
they have the abundances seen today. Because 
the steady-state model didn’t allow for a 
primordial fireball, they had to prove that all the 
elements could have been made in the only 
alternative site: the stars (Hoyle 1946; 1954; 
Hoyle et al. 1956). An apparent breakthrough 
for that effort came in 1952, when Edwin 
Salpeter showed that, under the hot, dense 
conditions that prevail at the core of  certain red 
giant stars, it was possible for three helium nuclei 
to merge simultaneously. The result would be a 
very stable carbon-12 nucleus, which has six 
protons and six neutrons (Figure 7). And from 
there, the way would be open for thermonuclear 
reactions in the stars to produce all the other 
heavy elements (Salpeter 1952). Crucially, these conditions would not have occurred during the Big 
Bang—and so the paper was widely viewed as indirect support for the steady-state model. 
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Figure 7: The Triple-Alpha Process. Three helium atoms, He, 
combine to form a stable carbon atom, C, with beryllium, Be, formed 
as an intermediate step. Gamma rays—a type of electromagnetic 
radiation—are also released. (Image credit: Borb, shared under the 
creative commons license CC BY-SA 3.0.)



There was still a hitch, however. Salpeter’s calculation predicted heavy-element ratios that didn’t match 
the observed values, and a rate of  carbon formation that seemed way too low. But that discrepancy 
inspired Hoyle to make an audacious proposal: the ratios could be brought into line and carbon 
production increased a thousand-fold if  carbon-12 had a “resonance”—a spike of  enhanced reaction 
probability at a certain energy. Experimental nuclear physicists looked—and the resonance was right 
where Hoyle predicted (Dunbar et al. 1953; Hoyle 1954). (This is one of  the first examples of  using 
what scientists call ‘anthropic reasoning’—discussed further in Chapter 4—to make a testable 
prediction. That is, Hoyle’s arguments hinged on the assumption that some such process must be at 
play, or there would not be enough carbon to account for the existence of  humans. JTF’s Fine-Tuning 
review describes this, and other examples, in more detail.)  

Buoyed by this success, Hoyle, along with Geoffrey Burbidge, Margaret Burbidge, and William Fowler, 
went on to show that stellar nucleosynthesis could plausibly account for all the heavy elements 
(Burbidge et al. 1957). For steady-state believers, this conclusion was a triumph.  

Yet ironically, the paper would also ultimately come to be seen as support for the Big-Bang model. 
That’s because, as impressive as the calculations were, the numbers never quite worked for the light 
elements. For instance, helium does indeed get made by hydrogen fusion in stars, but that process 
couldn’t begin to account for the helium abundances that astronomers were seeing. In 1961, for 
example, an influential survey found that the three-to-one hydrogen-to-helium ratio was pretty much 
the same in old stars, young stars, glowing nebulae, interstellar space, distant galaxies—everywhere 
(Osterbrock and Rogerson 1961). This was exactly what you’d expect to see if  the hydrogen-helium 
ratio was primordial—that is, forged in the Big Bang—but not at all what you’d expect if  the helium 
had been produced in individual stars with lots of  local variation.  

These wrinkles would, in turn, fuel the common-sense compromise that is still the consensus view 
today: at least when it came to element creation, both sides were right. The light nuclei—hydrogen, 
deuterium, helium, and a tiny bit of  lithium-7—were virtually all made in the Big Bang, as advocated 
by Gamow, Alpher, and Herman. But every other element was made much later in stars. 

Meanwhile, an even more serious challenge to the steady-state idea had been brewing since 1955, when 
Martin Ryle and Peter Scheuer published the first reliable survey of  “radio stars”—very distant, point-
like sources that emitted copious energy at radio wavelengths (Ryle and Scheuer 1955). In every 
direction Ryle and Scheuer looked, the dimmer, far-away sources substantially outnumbered the 
brighter, comparatively nearby sources—which was another way of  saying that radio stars used to be a 
lot more common billions of  years ago, when those far-away sources had emitted the radio waves that 
were just now reaching us. This was a serious problem for steady-state believers, since their model held 
that the average distribution of  radio stars, galaxies, and whatever else was out there, had to be 
constant over time. Subsequent surveys only made the data stronger (Helge Kragh 2012). By the early 
1960s, most astronomers felt that the steady-state model was on life-support.  

All of  which set the stage for the third and final rediscovery of  Big-Bang cosmology—a chance 
observation that effectively killed the steady-state idea forever. 

III. THE COSMIC MICROWAVE BACKGROUND 

In the summer of  1964, Robert Dicke set out to find relic radiation from the Big Bang in the 
microwave region of  the spectrum. During World War II, Dicke had been part of  the MIT team that 
had developed radar, and had invented a microwave detector known as the “Dicke radiometer,” which 
is still widely used today (Dicke 1946). Now at Princeton, he had two of  his students, Peter Roll and 
David Wilkinson, build an advanced version of  his radiometer. Roll and Wilkinson would also build a 
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horn-shaped antenna to capture and concentrate the incoming radiation and a refrigeration system 
that would maximize the detector’s sensitivity by bathing it in liquid helium at 4 Kelvin (4° Celsius 
above absolute zero). 

Meanwhile, another of  Dicke’s students, James Peebles, who knew nothing of  Gamow, Alpher and 
Herman’s earlier work, calculated that billions of  years of  cosmic expansion would have cooled the 
Big-Bang emissions down to a few degrees Kelvin. By early 1965, the theoretical calculations were done 
and work on the detector was proceeding nicely. Then, during a team meeting one Tuesday lunchtime 
in February 1965, Dicke got a disturbing phone call. “Well boys,” Dicke told his trio of  students when 
he finally hung up, “we’ve been scooped” (Peebles, Page, and Partridge 2009, 191). 

They had been—and totally by accident. Just 40 kilometers due east of  Princeton, at the Bell Labs 
campus in Holmdel, New Jersey, Arno Penzias and Robert Wilson had spent the previous year trying to 
make an astronomical instrument out of  an old horn antenna originally built for satellite 
communications (Figure 8). To achieve the extreme sensitivity they were after, Penzias and Wilson had 
doggedly eliminated every source of  interference they could find—radar signals, radio broadcasts, 
pigeon droppings, everything. But try as they might, there remained a faint microwave hiss that just 
would not go away. It was the same, day or night. It was the same anywhere in the sky they looked.  

It was an utter mystery—until they read a draft of  one of  Peebles’ papers on cosmic radiation, and the 
meaning of  their mysterious hiss began to snap into focus. They had accidentally discovered the 
afterglow of  the Big Bang. 

The two groups published 
back-to-back papers in The 
Astrophysical Journal: one from 
the Princeton team describing 
the theory and one from the 
Bell Labs duo describing their 
data (Dicke et al. 1965; Penzias 
and Wilson 1965). The papers 
met with…incomprehension, 
mostly. And scoffing. Wilkinson 
later recalled that the steady-
staters hated it and the big-
bangers didn’t bel ieve i t 
(Peebles, Page, and Partridge 
2009, 205).  

Still, observational data has a 
persuasive power. Roll and 
Wilkinson confirmed Penzias 
and Wilson’s find later that 
same year (Roll and Wilkinson 
1966). And so did a very 
d i f f e r e n t , b u t e q u a l l y 

compelling measurement: When astronomers searched interstellar space for free-floating molecules of  
the famously poisonous compound cyanide, which was known to behave like a tiny antenna tuned to 
0.26-centimeter microwaves, they found that the molecules were absorbing and re-emitting photons 
from the cosmic microwave background radiation (Field, Herbig, and Hitchcock 1966; Thaddeus and 
Clauser 1966). 
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Figure 8: Penzias and Wilson stand at the 15-meter Holmdel Horn Antenna  that brought 
their most notable discovery. (Image credit: NASA, restored by Bammesk.)

https://en.wikipedia.org/wiki/Holmdel_Horn_Antenna


Over time, both the reality of  the cosmic microwave background and its Big-Bang interpretation would 
become almost universally accepted. 

Hoyle, for his part, would reject the Big-Bang idea until the day he died in 2001. Gamow, by contrast, 
felt vindicated by the discovery—if  perhaps a little miffed that others were getting all the attention. As 
he was heard to declaim at one meeting in 1967, he had lost a penny. Penzias and Wilson had found a 
penny. Was it his penny? (Peebles, Page, and Partridge 2009, 374) 

Lemaître was both gratified and gracious. News of  the discovery reached him in June 1966, as the 71-
year-old president of  the Pontifical Academy of  Sciences lay dying of  leukemia. Gravely ill though he 
was, “Lemaître lucidly praised this news, which confirmed the explosive genesis of  our 
universe” (Mitton 2016). 

Back to the Table of  Contents 

4. BEFORE THE BIG BANG  

It’s a fundamental fact found in every astronomy textbook: the further out we look into space, the 
further back we’re looking into time.  

Granted, this usually doesn’t matter too much. We see the moon as it was about 1½ seconds ago—the 
time it takes for sunlight to bounce off  its surface and cross the 384,400 kilometers to our eyes. That’s 
rarely long enough for things to change significantly. The same is true with the sun, which we’re seeing 
as it was about 8 minutes and 20 seconds ago. The delay isn’t even too important for the Andromeda 
galaxy, which we’re seeing by the light it emitted some 2.5 million years ago—about the time that a 
new species named homo habilis started wandering the plains of  Africa. Astronomical objects tend to be 

big, and to change very slowly 
on any human timescale.  

Eventually, though, this time-
machine aspect of  astronomy 
does start to matter. The 
furthest galaxies detected by the 
Hubble Space Telescope look 
noticeably different from their 
descendants today because 
astronomers are seeing them in 
their infancy, when they were 
just beginning to form less than 
a billion years after the Big 
Bang. And the faint hiss of  the 
cosmic microwave background 
(CMB), introduced in Chapter 
3, gives astronomers a view of  
the 380,000-year-old universe 

back when it contained nothing but rapidly cooling hydrogen and helium gas (Figure 9).  

This is as far as astronomy’s time machine can go, however. Before the CMB, the universe was a haze 
of  ionized matter that scattered any light that tried to pass through it; looking further back is like trying 
to look beneath the surface of  the sun. So astronomers are left with two options. They can learn an 
enormous amount by studying the cosmos on this side of  the CMB surface—investigations that have 
revealed much about the hidden contents of  the universe and provided many clues about cosmic 

 21

Figure 9: The Cosmic Microwave Background. Maps of the CMB reveal slight temperature 
variations in the relic radiation of the Big Bang, in exquisite detail. (Image credit: ESA and 
the Planck Collaboration.) 



origins; this work will be the subject of  Chapter 5. Or cosmologists can try to infer what went on 
behind the veil through a combination of  theory and extrapolation from lab experiments. 

That’s what we discuss in this chapter. We’ll find that scientists still can’t answer the most fundamental 
origins question: where did the universe come from? But they have given us a radically new way to 
think about it.  

The key insight grew out of  the discoveries recounted in Chapters 2 and 3, which told how 
astronomers and physicists established that the universe was born billions of  years ago in an explosive 
Big Bang, and has been expanding outward ever since, from a point of  near-infinite temperature and 
density. But, as we’ll see in the next section, the Big-Bang model left cosmologists with three major 
puzzles about the shape, fate, and contents of  the universe. And in the 1980s, their struggle to solve 
these puzzles led them to an audacious notion—that in the Big Bang’s first, infinitesimal fraction of  a 
second, the cosmos must have gone through a period of  “inflationary” expansion so fast that it briefly 
exceeded the speed of  light.  

This idea about cosmic inflation turned out to be such a beautiful solution to the three puzzles that it’s 
become conventional wisdom in the field. But the implications didn’t end there: physicists quickly 
realized that if  inflation happened once, at the beginning of  our universe, there was no reason it 
couldn’t occur repeatedly at different places and times. If  true, this means that our cosmos might be 
one of  many inflating patches that exist inside a vastly larger ‘multiverse.’  

Or maybe not. The multiverse theory remains highly controversial, for reasons that we will detail. So 
we will end this chapter with a look at some of  the many alternatives that researchers are exploring—
and what, if  anything, these possibilities imply about the universe before the Big Bang.  

I. INFLATION THEORY 

1. Three Cosmic Conundrums 

(i) The Flatness Problem 

In the previous chapter, we described the 1965 discovery of  the cosmic microwave background (CMB), 
which convinced almost everyone in the field that our cosmos was born several billion years ago in a 
Big Bang; the microwave radiation that bathes the universe is simply a relic of  that original explosion. 
But researchers had to wonder: If  the universe had a beginning, might it also have an end? And if  so, 
what was it? Would the universe expand forever? Or would it eventually halt its expansion and crash 
back down to a Big Bang in reverse—the Big Crunch?   

The answer came down to one number: the average density of  matter in the universe. The significance 
of  this number had become apparent in the 1920s and 1930s, when (as described in Chapter 2), the 
cosmologists Alexander Friedmann and independently Georges Lemaître (and also Howard P. 
Robertson and Arthur Geoffrey Walker) had found exact solutions to Einstein’s equations that 
described how the universe might evolve. If  the average matter density was below a certain critical 
value, equivalent to a few hydrogen atoms per cubic meter, the equations said that the collective 
gravitational pull of  all those galaxies would not be enough to reverse the expansion, and the universe 
would indeed go on forever. It would be described as ‘open’ and also be infinite in extent. But if  the 
average density was greater than that critical value, said the equations, the universe would be pulled 
back inwards by gravity. It would be ‘closed,’ spherical and finite—albeit very big—and it would one 
day contract back in on itself  in the Big Crunch.  
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There was also a solution balanced on the knife edge between these two possibilities: if  the cosmic 
density exactly matched the critical density, the cosmos would be infinite but ‘flat’—meaning that it 
would expand forever at a decelerating rate, with the gravity between the stars and galaxies slowing the 
expansion down but never quite able to stop it.  

And herein lay the flatness problem: If  the cosmic density had been even slightly too high soon after 
the universe’s birth, then the closed universe would have experienced more of  a Big Burp than a Big 
Bang. It would have expanded and then contracted again almost instantly. Conversely, if  the cosmic 
density had been even slightly too low, the open, infinite universe would have expanded too fast for 
stars or galaxies to form. Yet here we are more than 10 billion years later, with stars and galaxies 
everywhere and an average matter density that’s no more than a factor of  ten away from the critical 
density (thought to be about six hydrogen atoms per cubic meter). For that to be true today, 
cosmologists realized, then the cosmic density soon after the universe was born would need to match 
the critical density to one part in 1055 (10 with 55 zeroes after it)—a precision that makes balancing a 
pencil on its point look easy. (JTF’s Fine-Tuning review discusses the scientific and philosophical 
debates surrounding this apparent cosmic coincidence and other physical phenomena that seem 
fortuitously fixed to just the right value to have enabled the evolution of  human life in the universe.)         

This was a precision that cried out for explanation. But in the late 1970s, standard cosmology could not 
provide one.  

(ii) The Horizon Problem 

The next puzzle was that the universe looked pretty much the same in every direction. As cosmologists 
studied the CMB in more detail, for example, they discovered that its temperature is 2.73 K (2.73 
degrees Celsius above absolute zero) in every part of  the sky. (Figure 9 depicts tiny variations that have 
been mapped across the CMB around this average temperature.) Likewise, astronomers found the same 
statistical distribution of  galaxies in the northern sky as in the south. But why?  

As Wolfgang Rindler and others had been pointing out since the 1950s, this cosmic uniformity is 
actually very strange (Rindler 1956; Misner 1968; Weinberg 1972). The early universe wasn’t like soup 
that’s simmering on the stove, where there is plenty of  time for heat to flow, for ingredients to blend, 
and for temperature and taste to equalize throughout the pot. The early universe was expanding so fast 
that particles generally couldn’t make it from one region to another. (Imagine an ant crawling on the 
surface of  a balloon that’s being blown up faster than the creature can move: its destination just keeps 
getting farther and farther away.) So most of  what we see when we look at the distant, early universe 
should be regions that had no time to communicate with one another, much less time to mix and come 
to a common temperature. And yet they all ended up in sync, looking the same. How?   

In technical terms, any region of  the universe that can’t get signals to you, even at the speed of  light, is 
said to be beyond your horizon. So this became known as the horizon problem. 

(iii) The Monopole Problem 

The third puzzle was tied to developments in particle physics—the study of  elementary particles and 
the forces between them—and concerned a particle that was posited to exist, but has never been found. 
This was the magnetic monopole. We’re used to the idea of  elementary particles carrying a single 
electrical charge (or no charge); electrons, for example, have a single negative charge while the protons 
found inside atomic nuclei have a single positive charge. But physicists have never found a particle with 
a single magnetic charge. Break a real bar magnet, and you just get two short bar magnets, each with 
its own north and south pole. There seems to be no way to isolate the north and south poles. 
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Yet theories coming from particle physics suggested that magnetic monopoles should exist (see “The 
Standard Model of  Particle Physics and Beyond”). Of  course, it was always possible that magnetic 
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The Standard Model of Particle Physics and Beyond

In the same decade that cosmologists were coalescing around the Big Bang as their “standard model” of 
cosmic origins, particle physicists were developing their own standard model that used quantum rules to 
unify all the known forces except gravity. There are 
three of them: electromagnetism; the weak nuclear 
force, which is a subtle interaction responsible for 
certain forms of radioactivity; and the strong nuclear 
force, which binds subatomic particles known as 
“quarks” together inside protons,  neutrons, and certain 
other particles. The first success in this unification 
program was the development of the “electroweak 
theory,” which combined electromagnetism and the 
weak force (Yang and Mills 1954; Glashow 1961; 
Weinberg 1967; Salam 1968). Then the strong nuclear 
force was brought into the fold, in a theory that came 
to be known as Quantum Chromodynamics (Fritzsch, 
Gell-Mann, and Leutwyler 1973). 

The Standard Model now comprises 17 elementary 
particles (Figure 10). Matter is made up of fermions, 
while bosons are associated with the three forces: 
electromagnetism is carried by photons; the 
electroweak interaction is mediated by W and Z 
bosons; and gluons carry the strong force that holds 
quarks together. The Higgs boson is involved in giving 
elementary particles their mass. 

Physicists have come up with several ways to 
embed these particles and forces into a Grand 
Unified Theory, or GUT, that encompasses them 
all in a natural way. But they have had 
considerably less success with their efforts to 
unify the first three forces with the fourth known 
force, gravity. None of the ideas put forward to 
date has been completely satisfactory. Still, 
physicists are confident that in the very early 
universe, all four forces were (somehow) unified. 
As the temperature cooled, one by one, the 
individual forces we recognize condensed out, 
while some initially massless particles would 
acquire mass (Figure 11). If such theories were 
correct then, as a byproduct, new objects such 
as magnetic monopoles should also appear, as 
the universe went through this series of 
transitions (Zel’dovich and Khlopov 1978). 

Figure 10: The Standard Model of Particle Physics. 
( Image credi t : MissMJ, shared under creat ive 
commons attribution 3.0 unported license.)

Figure 11: As the temperature of the universe cooled, the four 
forces separate. (Image credit: openstax.org/details/books/
astronomy, Rice University, shared under a creative commons 4.0 
international license.) 



monopoles do exist somewhere in the universe, and scientists had just never noticed them. The trouble 
was that calculations also showed that these things would have a mass of  about 10 million billion times 
the mass of  a proton and that the Big Bang should have made lots of  them. They would have been 
really hard to miss (Preskill 1979). 

So where were they hiding? 

This monopole conundrum left some of  the best theorists in the world scratching their heads—until 
one young physicist named Alan Guth had an idea that solved all three puzzles in one fell swoop, and 
completely changed our conception of  the early universe.  

2. A Spectacular Realization   

Guth knows exactly when the idea hit him, because it’s right there in his notebook: late in the evening 
of  Friday, December 7, 1979.  

The physicist had just recently arrived in California for a temporary post-doctoral appointment at the 
Stanford Linear Accelerator Center, after a stint at Cornell University in New York (Guth 2015a; 
2015b). He and Henry Tye, another young Cornell physicist, were just finishing up a paper suggesting 
that monopole production might have been suppressed if  the early universe had “super-cooled” in 
much the same way that water sometimes does in clouds, when it manages to remain fluid even below 
its freezing point (Guth and Tye 1980). 

This scenario worked, sort of, and seemed to explain why there were few, if  any, monopoles around 
today. But now, with his co-author getting ready for an extended visit to his native China, Guth was 
taking a fresh look. In the earlier paper, he and Tye had just assumed that the universe would continue 
to expand in the same way despite the super-cooling effect. But was that really true? If  not, and super-
cooling caused the cosmos to behave in some strange way that does not fit with observations, then their 
solution to the monopole problem would not work. 

To Guth’s disappointment, he realized that he and Tye had been wrong. Super-cooling would have 
altered the universe’s behavior dramatically, causing it to expand outwards at faster-than-light speeds 
that would have dwarfed the already mind-boggling expansion speeds predicted in standard 
cosmologies. (Einstein’s relativistic speed limit that we met in Chapter 2 applies only to individual 
particles. Space, as it turns out, can expand as fast as it wants to.) It would be an exponential expansion, 
doubling the size of  the universe in an infinitesimal slice of  time—then doubling it again, and again, 
and again, at least 90 to 100 times. In considerably less than a nano-nano-nanosecond, such an 
exponential expansion could have inflated the universe by a factor of  1028 or more. To put that number 
in perspective, it was like growing today’s observable universe, now roughly 28 billion light-years wide, 
from a patch of  space the size of  a basketball (Siegel 2017).    

But Guth also realized that inflation offered its own solution to the monopole problem. Even if  the pre-
inflation baby universe had been riddled with monopoles, such extreme expansion would have diluted 
them to the point of  invisibility. There would be maybe one left in our entire observable universe, so of  
course we’d never notice it.  

But there was more. Guth recalled listening to a talk about the flatness problem given a year before by 
Robert Dicke, one of  the physicists who predicted the existence of  the CMB. Dicke had explained that 
the early universe must have somehow been perfectly tuned to exactly the critical density, to explain 
how stars, galaxies, and planets, later formed. If  the density had been slightly higher or lower, no such 
structure (let alone physicists to mull it over) would now exist. 
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Standard cosmology offered no reason why the universe would be born in this very particular—and 
from a human perspective, very useful—state. But that, as Guth realized with growing excitement, was 
because those models didn’t take inflation into account. Once you did, the flatness problem went away 
as easily as the monopole problem had: no matter how the universe started out, inflation’s exponential 
expansion would have stretched it as taut and as flat as the surface of  a balloon that’s been blown up to 
the scale of  light years or more. 

Guth was so thrilled with this insight that he wrote it down in his notebook and drew a double box 
around the whole paragraph: “SPECTACULAR REALIZATION: This kind of  supercooling can explain 
why the universe today is so incredibly flat—and therefore resolve the fine-tuning paradox pointed out 
by Bob Dicke in his Einstein Day lectures.” 

Spectacular though it was, however, there was still more. Just a few weeks later, Guth learned about the 
horizon problem—the one that ponders why, on average, the universe looks the same in every direction
—and he immediately realized that inflation held the answer for this mystery, as well. Once you took 
into account that the cosmos would swell by a factor of  at least 1028 during inflation, then you could 
calculate that everything that would grow into today’s observable universe must once have been 
unimaginably close, packed into a space considerably smaller than a proton. Or to turn that around, 
inflation would have taken an infinitesimal patch of  the universe so small that it did have time to mix 
and equilibrate, and expanded it to cosmic dimensions. Thus the universe should look more or less the 
same wherever we looked.  

Guth considered this to be yet another compelling argument for the inflation idea. And yet, he was also 
acutely aware that inflation theory itself  had a big problem—once inflation was triggered in the 
universe, his theory struggled to explain how it would end. 

3. Stopping Inflation 

Inflation obviously did end, since the universe is not inflating now. (Or at least, it’s not inflating at that 
same prodigious pace; as we will see in the next chapter, the universe seems to be undergoing a kind of  
micro-inflation that’s slowly increasing the cosmic expansion rate.) The mystery was, how did it end? 

Mathematically speaking, Guth knew, inflation occurred when the vacuum that pervades the empty 
universe was a “false vacuum,” meaning that it contained an unusually large amount of  energy (Figure 
12). So inflation would have ended when the vacuum dropped to its lowest possible energy—the “true 
vacuum.” Intuitively, though, the equations were very much like those of  a ball rolling across a rugged 
energy landscape. The ball could either sit at the top of  a hill representing the higher-energy false 
vacuum, where it would force the universe to inflate. Or it could roll down to the true low-energy 
vacuum at the bottom, causing inflation to cease. In particular, Guth imagined that the cosmic ball 
would be caught for a while in a depression at the top of  the hill, giving the universe enough time to 
inflate sufficiently (Figure 12a). The trouble was that Guth couldn’t fathom how the cosmic ball could 
ever get itself  out of  that high-altitude hollow, so that it could roll down to the true vacuum and bring 
inflation to an end. He tried a few tricks to get the universe to drop from the false to the true vacuum, 
when required, but he could not make it work. 

Still, inflation solved so many problems that Guth felt there had to be something right about it. So 
when he finally published his paper in January 1981, he frankly admitted that he couldn’t solve the 
“graceful exit” problem and appealed to his fellow physicists for help: “I am publishing this paper in the 
hope that it will … encourage others to find some way to avoid the undesirable features of  the 
inflationary scenario” (Guth 1981). 
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Figure 12: The Inflationary Multiverse. (Image created by Maayan Harel. Image in (c) adapted from work by Andrew J. Hanson, under a 
creative commons license.)



He didn’t have long to wait. Guth’s inflation idea soon drew the attention of  Andrei Linde, whose 
colleague Alexei Starobinsky had (unknown to Guth) suggested a somewhat similar inflationary 
scenario (Starobinskiǐ 1979). The early universe was already familiar terrain to Linde, who had worked 
on similar ideas for years (Linde 1974). And now Linde was quick to come up with an alternative 
graceful-exit scenario, dubbed slow-roll inflation. In effect, he imagined a differently-shaped energy 
landscape, in which the universe was perched not in a mountaintop depression, but instead on the 
mathematical equivalent of  a broad, flat dome similar to Ayers Rock in Australia, or Stone Mountain 
in Georgia (Figure 12b). Like an ordinary marble placed on such a dome, Linde argued, the universe 
would roll down from the false vacuum very slowly at first—inflating furiously every instant that it was 
up there. But when it finally did plunge toward the true vacuum at the bottom, it would convert its 
energy into swarms of  particles (as would also happen in Guth’s model). The result would be a bubble 
of  normal space more than big enough to accommodate our entire observable universe. 

Linde published this result in 1982—and so did Andreas Albrecht and Paul Steinhardt, who had 
independently arrived at the same idea (Linde 1982a; A. Albrecht and Steinhardt 1982; A. Albrecht et 
al. 1982).  

These “new inflation” models together put the idea on a much more solid footing. And, as we describe 
in the next section, they also gave astronomers a way that they could look at the sky and actually test all 
this theorizing.  

4. Wrinkles in the Universe 

The test started from the observation that (new) inflation was too successful. By itself, it would have 
produced a cosmos stretched so flat that there would be nothing in it but a uniform haze of  hydrogen 
and helium gas, with no discernible lumps. So where did the universe get all those lumps that we now 
call galaxies and clusters?    

The answer went back to 1966, when Andrei Sakharov noted that, according to quantum physics, the 
energy of  the vacuum is constantly shimmering around its average value. In effect, the energy is 
undergoing tiny, very rapid fluctuations that vary at random from one point to the next. So in the very 
first instants of  the universe, Sakharov argued, these quantum fluctuations would have caused subtle 
variations in the density of  the primordial plasma—variations that would have expanded along with 
the rest of  the universe. And over the billions of  years since, Sakharov suggested, the inexorable pull of  
gravity would have caused the denser regions to contract and grow denser still, until they condensed 
into galaxies, clusters, and other massive structures—among them our own Milky Way galaxy 
(Sakharov 1966).  

If  Sakharov was right, in other words, we owed our existence to a quantum fluctuation that occurred 
billions of  years ago. 

Sakharov’s idea was revived in 1981, and applied to the version of  inflation developed by Starobinsky 
(Mukhanov and Chibisov 1981; 1982). Then a year later, multiple teams of  physicists rushed to do the 
same for the recently invented theory of  new inflation; they published their work in four separate 
papers that grew out of  a two-week workshop held in Cambridge, UK, during the summer of  1982 
(Starobinsky 1982; Guth and Pi 1982; Hawking 1982b; Bardeen, Steinhardt, and Turner 1983). The 
physicists agreed that these variations might one day be detectable, showing up as subtle shifts in the 
temperature of  the CMB at different points on the sky. 

In Chapter 5 we’ll see that in 1992, researchers working with NASA’s Cosmic Background Explorer 
(COBE) satellite would announce that they had indeed found CMB temperature variations with exactly 
the statistical distribution expected from quantum fluctuations (Smoot et al. 1992). Moreover, these 
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findings would continue to hold up when later satellites mapped the CMB in much finer detail. And in 
the meantime, a multitude of  detailed computer simulations would confirm that gravity could indeed 
have taken these density perturbations and produced the observed distribution of  galaxies.  

Such results have led to inflation theory becoming part of  the cosmological paradigm. But in the next 
section we’ll see that over the coming decades, at least some of  inflation’s authors would become 
convinced that the framework implies an even more radical (and controversial) possibility—that our 
cosmos is just one universe in a multiverse of  parallel universes.  

II. THE MULTIVERSE 

1. Eternal Inflation 

By the early 1980s, Guth’s spectacular realization had proved to be a spectacular success, providing a 
unified explanation for a variety of  otherwise disconnected observations (Guth 2007). But theorists 
didn’t stop there. At the same Cambridge workshop where Guth and others were calculating the 
quantum fluctuations produced during new inflation, Steinhardt pointed out one of  the theory’s more 
radical implications (P. J. Steinhardt 1983). Just for fun, he said, let’s imagine that you have a cosmos 
that’s inflating away. Now, zoom out and look at this (infinite) cosmos on a really big scale—say, 1030 
times the size of  our observable universe. Then you might find that what we naïvely call the universe is 
just an isolated bubble of  normal space surrounded by an endless expanse of  space that’s still inflating. 
After all, there was no reason why inflation had to occur in lockstep everywhere; our bubble could just 
be a region where it ended earlier than some places, and later than others. In fact, noted Steinhardt, 
our über-cosmos could be as full of  holes as a fractal swiss cheese, even as inflation kept opening up 
room for more.  

But wouldn’t we have noticed such a thing? Not necessarily. The walls of  any given cosmic bubble 
would expand at essentially the speed of  light, which would make the walls impossible to see for 
observers in the interior—as we are. Nor were we likely to see another bubble universe colliding with 
ours; inflation in the larger cosmos would drive the bubbles apart much faster than light.   

In fact, this scenario seemed to have no observational consequences at all—which is why Steinhardt 
whimsically gave this whole field of  inquiry the name “metaphysical cosmology.”  

Meta or not, however, the idea was compelling. Alexander Vilenkin, for example, showed that the 
fractal Swiss-cheese picture held true for any form of  new inflation (Vilenkin 1983). Cosmologists, 
meanwhile, found that it was possible to come up with other energy landscapes that would give rise to 
inflation, not just the Stone Mountain shape that gave rise to new inflation. And Linde himself  soon 
realized that any kind of  inflation would create a cosmos of  interlocking bubbles that looked less like 
Swiss cheese and more like an ever-expanding, fractal Christmas tree. Linde called this “the eternally 
existing, self-reproducing, chaotic inflationary universe” (Linde 1983a; 1986; 1994)—or in today’s 
parlance, a multiverse. 

By “eternal,” Linde meant that in a cosmos that’s infinite in spatial extent, there’s no reason that this 
web of  endlessly proliferating bubble universes couldn’t also extend infinitely far into the past and 
future. Each bubble would have its own beginning of  time: the point where its local inflation ceased 
and gave way to a standard Big Bang. (Indeed, that’s what the Big Bang is in this picture: the end of  
inflation and the beginning of  normal expansion.) But the whole “multiverse” (to use the modern term) 
might very well have no beginning and no end—and no need for a t = 0 singularity. We might mark the 
beginning of  time in our universe with our Big Bang, but time in the multiverse would have stretched 
back before that eternally. In fact, the multiverse would exist as a kind of  steady-state cosmos—albeit 
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on a much larger scale than the ones imagined by Arthur Eddington or Fred Hoyle, as described in 
Chapter 3.  

2. The Anthropic Principle  

As Linde continued to think about the implications of  this parallel-universe idea, he found himself  
asking an even more unsettling question: What if  these other creations weren’t just physically separated 
from ours? What if  the various bubbles wound up with different particle masses, different values for the 
electric charge and other physical constants—maybe even a different number of  dimensions? What if  
they had different physical laws entirely? (Linde 1982b; 1983a; 1983b) 

That question then led to another: what if  only a few of  the bubble universes had laws conducive to 
life? If  that were the case, reasoned Linde, then our universe must obviously belong to that set. And 
that, in turn, might go a long way toward explaining some odd coincidences in cosmology that 
scientists had been puzzling over for decades. In 1917, for example, Paul Ehrenfest had asked why our 
universe has only three spatial dimensions (plus the one dimension of  time), even though it’s 
mathematically possible to have any number (Ehrenfest 1918).  

In 1974, Brandon Carter provided many more examples (Carter 1974). One concerned the strength of  
gravity. Carter pointed out that if  we lived in a universe where gravity were very much smaller or larger 
than it is, then planets could not have coalesced from interstellar gas, we wouldn’t have evolved and we 
thus wouldn’t be here to worry about it. Likewise with the strong force that holds protons and neutrons 
together in the nucleus. If  it had been even a little bit weaker than it is, said Carter, then helium 
wouldn’t have formed in the early universe, and hydrogen would have been the only element. If  the 
force had been a little stronger, though, then the universe would have become nothing but helium. 
Either way, no planets, and no people.  

Carter coined the term “anthropic principle” to describe this line of  reasoning: we shouldn’t be 
surprised to find ourselves in a universe with exactly the forces and parameters needed to give rise to 
intelligent life, since if  it didn’t have these features, there would be no one here to wonder about their 
values. Other physicists soon suggested that the anthropic principle could also account for the electric 
charge of  an electron, or its mass, or any number of  other physical constants (Carr and Rees 1979; 
Rosental 1980; Davies and Unwin 1981; Hawking 1982a; Weinberg 1987). (See JTF’s Fine-Tuning 
review for a more detailed discussion of  such coincidences—and how multiverse theory and other 
alternative approaches address their origins.)  

Traditionally the anthropic principle was not hugely popular, since it appeared to discourage scientists 
from searching for deeper explanations for the values of  physical parameters. However, the inflationary 
multiverse idea breaks us out of  the idea that the universe around us is the universe. Instead, it provides 
a plausible mechanism for the cosmos to try out myriad different (bubble) universes with myriad 
variations in physical law—which in turn makes it much more plausible that the laws we see around us 
are a selection effect. We live in one of  the many neighboring cosmoses that happens to have the 
perfect parameters for human life to evolve. But there’s no longer a mystery about why it took that 
fortuitous form. It’s not that our universe was finely tuned to take on those parameters; they are just an 
accident. Most of  our neighboring universes are not suited to life (at least not as we know it).  

Still, to most researchers in the 1990s, the notion of  unobservable other universes sounded like just so 
much metaphysics, not to mention comic-book science fiction—until, that is, the idea received a boost 
from string theory, one of  the most popular candidate frameworks proposed to unify all the laws of  
physics. 
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3. The String Landscape   

String theory is a mathematical framework that had become very popular in the 1980s and 1990s and 
that is widely considered to be about as close as anyone has ever come to a fully unified account of  
particle physics and gravity (Polchinski 2005). The basic idea is that particles are actually infinitesimal 
threads of  energy—superstrings—and that these threads have to move around and vibrate in 10 
dimensions: 9 directions of  space plus one of  time. Indeed, that number 10 is actually a prediction of  
the theory: if  you try to formulate the equations in a lower or higher number of  dimensions, they 
become mathematically inconsistent. So, since we obviously live in a universe with just three space 
dimensions, the others must be “compactified,” or curled up so tightly that we can’t see them (Figure 
12c). (Think of  rolling a 2-D sheet of  paper into a thin straw; from a distance, the straw looks like a 1-
D line.)  

String theorists had always known that there are many ways to carry out such a compactification, with 
each yielding different physical laws and particles. But it was only in the early 2000s that they began to 
understand how this might play out in a cosmological context—and just how many compactifications 
there could be (Bousso and Polchinski 2000; Douglas 2003; Susskind 2003; Kachru et al. 2003). 
Researchers in the field were soon talking about an undulating string theory “landscape” with 
something like 10500 valleys that corresponded to stable compactifications (Figure 12d). In other words 
the theory’s equations could lead to 10500 different types of  universe, with different forces, particles, and 
even dimensions. 

That’s a number so large as to defy all metaphor. And, since there was no obvious reason for nature to 
prefer one compactification over another, it’s a number that did a lot to boost the anthropic principle’s 
reputation. After all, it wasn’t hand-wavy anymore: physicists now had a rigorous example of  how one 
underlying theory could produce an inconceivable multitude of  universes with different-seeming 
physical laws. And that made it much more plausible that the particular universe we see around us is 
the result of  anthropic selection (Susskind 2005). In short, as Guth described in a 2007 review of  
inflation’s first quarter-century (Guth 2007), anthropic reasoning became downright respectable thanks 
to the confluence of  the string-theory landscape and the eternally-inflating multiverse. (Guth also noted 
that it was helped by the astonishing discovery in the late 1990s that the expansion of  the universe is 
accelerating, which will be described in depth in Chapter 5.) Linde, in his own review a decade later 
(Linde 2017), described how the resulting influx of  researchers “transformed this field into a vibrant 
and rapidly developing branch of  theoretical physics.” 

It must be said, however, that to many other researchers this whole line of  reasoning is anathema —not 
to mention intellectually lazy: anything you don’t understand, just wave your hand and say, “anthropic” 
(D. J. Gross 2005; D. Gross 2005). From their perspective, wrote Guth in his 2007 review, “anthropic 
reasoning means the end of  the hope that precise and unique predictions can be made on the basis of  
logical deduction”—a hope that is not to be given up lightly. In fact, Steinhardt—one of  the first 
physicists to work on the multiverse idea—eventually rejected the multiverse saying, “a theory that 
predicts everything predicts nothing” (Paul J. Steinhardt 2011).  

Multiverse theory has also been criticized because it is difficult to conceive of  ways to ever directly 
confirm the existence of  parallel universes—which, by definition, are completely disconnected from 
our own. (Or maybe not; this issue is contentious, and methods to find direct evidence of  ancient 
collisions between our universe and a neighboring bubble universe have been proposed (Feeney et al. 
2011; Aguirre and Johnson 2011; Kleban 2011).  JTF’s Fine-Tuning review discusses this criticism, and 
describes attempts to bolster the multiverse theory with both direct and indirect evidence.) As described 
in the next section, this criticism has led at least some physicists to explore a host of  alternatives to the 
multiverse—and, in some cases, to inflation itself.  
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III. ALTERNATIVES TO THE MULTIVERSE 

1. Varying Speed of  Light, Rainbow Gravity—and a Universe Without Origin   

Several investigators have suggested that the horizon problem, the flatness problem, and all the rest, 
could be solved without inflation if  the fundamental constants of  physics weren’t really constants—that 
is, if  parameters such as the speed of  light took on very different values during the earliest instants of  
the universe.  

The idea of  time-varying constants is not a new one. Paul Dirac, one of  the founders of  quantum 
mechanics, raised the possibility as early as 1937 (Dirac 1937; 1938), and Dicke explored the notion 
further in the 1960s (Dicke 1961). But no one saw the idea as an alternative to inflation until 1993, 
when John Moffat realized that the horizon problem would go away if  the speed of  light had been 
much, much faster in the early universe (Moffat 1993b; 1993a). The higher speed limit would have 
allowed the cosmic patch that is now our observable universe to have mixed completely before it 
expanded, thereby ensuring that today’s universe would still look the same on average in every 
direction. A similar analysis allowed Moffat to conclude that a dramatically faster speed of  light would 
also make the flatness and monopole problems disappear.  

In 1999, Albrecht and João Magueijo independently rediscovered this idea and reached much the same 
conclusions (Andreas Albrecht and Magueijo 1999). Magueijo would go on to become one of  the most 
ardent champions of  the variable-constant approach (Magueijo 2003). In 2004, for example, he and 
Lee Smolin introduced “rainbow gravity”: a variant of  general relativity in which different frequencies, 
or colors, of  light experience a slightly different level of  gravity, causing them to split and take different 
paths (Magueijo and Smolin 2004). This effect would not be detectable on Earth, but could become 
important in regions where the curvature of  spacetime is extremely high, such as near a black hole. 
Magueijo and Smolin argued that rainbow gravity could solve the horizon problem. It has also been 
shown that such models could do away with the initial cosmic singularity; if  you trace the path of  
matter and light back 13.8 billion years within this framework, not all the light rays would trace back to 
the same place at the same time. So there would be no infinitely small point of  origin; instead, the 
cosmos would have an infinitely long tail as you went backwards, shrinking toward zero at an 
exponentially slower rate, but never reaching it (Awad, Farag Ali, and Majumder 2013). 

In more recent work, Magueijo and his collaborators have explored other possibilities. Perhaps gravity 
didn’t even exist in the early universe, for example, and turned on only after the expanding cosmos had 
cooled to a certain point. That would eliminate the need to reconcile quantum theory and gravity, and 
thereby get rid of  one of  the biggest headaches in theoretical physics (Alexander, Barrow, and Magueijo 
2016). Or perhaps gravity did exist in the early universe, but moved at a speed different from light 
(Magueijo 2009). Making this second assumption mathematically consistent requires that the speed of  
light vary over time in a particular way, and predicts primordial density fluctuations that turn out to be 
very close to the ones we observe—without the need for inflation (Afshordi and Magueijo 2016).  

2. The Big Bounce—Loop Quantum Gravity and Cyclic Universe Models 

Although string theory is easily the most popular approach for physicists hoping to unify gravity with 
quantum physics, a strong runner-up is “Loop Quantum Gravity”: a framework proposed in the 1980s 
by Abhay Ashtekar (Ashtekar 1986), and further developed in the 1990s by Ashtekar, Smolin, Carlo 
Rovelli, and others (Rovelli and Smolin 1988; 1990; 1995a; 1995b; Ashtekar, Rovelli, and Smolin 
1992). This model, described in more detail in JTF's Emergence review, posits that space emerges from 
a network of  tiny geometrical loops (not to be confused with superstrings). It also imposes a 
fundamental minimum size limit, suggesting that the universe could never have been squashed down 
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into an infinitely small point at the Big Bang. Indeed, this suggestion was made explicit in the early 
2000s with the development of  Loop Quantum Cosmology: a family of  models that are roughly 
analogous to the classical cosmological equations that Friedmann, Lemaître, Robertson, and Walker 
derived from Einstein’s general relativity (Bojowald 2000a; 2000b; 2001a; 2001b; 2001c; 2008; 
Ashtekar and Singh 2011).  

As the name suggests, Loop Quantum Cosmology allows for a fully quantum-mechanical analysis of  
the early universe, and leads to a picture in which the universe was once large and contracting, 
shrinking down to a minimum size around 13 billion years ago before growing again. There was thus 
no Big Bang in this picture, but a Big Bounce—and we live in the expanding post-bounce phase 
(Bojowald 2007). In some versions of  the model, in fact, the universe cycles through a series of  such 
bounces, expanding and then contracting repeatedly. Either way, this picture does not invoke an 
inflationary multiverse—but it is compatible with an inflationary phase occurring post-bounce, with 
predictions that fit with the observed patterns in the CMB (Ashtekar and Gupt 2017). 

A different cyclic-universe model was proposed as an alternative to inflation by Steinhardt and Neil 
Turok in 2005 (Paul J. Steinhardt and Turok 2005). Indeed, their model contains no inflationary phase 
at all. Instead, Steinhardt and Turok propose that the universe is smoothed to the requisite flatness and 
homogeneity as it contracts. Their approach is controversial, however, and there is some debate over 
whether it has been ruled out (Planck Collaboration et al. 2014b) by CMB observations made by the 
European Space Agency’s Planck satellite, or remains viable (Ijjas and Steinhardt 2016). 

3. Mirror Universes and Backwards Time 

T i m e ’ s a r r o w h a s 
perplexed scholars for 
centuries: why can we 
on ly t rave l in one 
direction, from the past 
to the future, and never 
in rever se. Phys ic s 
brings the problem into 
even sharper rel ief  
b e c a u s e e q u a t i o n s  
governing the motion of  
par t i c le s are t ime-
symmetric—they are 
equally valid whether 
they run forwards or 
backwards. In 2014, Julian Barbour and colleagues proposed an audacious cosmological model that 
preserves overall time symmetry, while providing our universe with a twin—a mirror cosmos created 
alongside ours during the Big Bang. This twin evolves identically to our own, but with time’s arrow 
reversed (Barbour 2014).  

The novel cosmology stems from Barbour’s alternative approach to general relativity, called “shape 
dynamics,” in which the evolution of  objects is defined in terms of  their relation to each other, rather 
than against a spacetime backdrop. Such a framework has been shown to reproduce the equations of  
general relativity (Gomes 2011). Computer simulations to track the evolution of  matter backwards in 
time revealed a mirror universe that may have been spawned along with ours (Figure 13). (It’s worth 
noting that Sean Carroll and Jennifer Chen have also invoked the idea of  universes with opposing 
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Figure 13: According to the shape dynamics framework, the Big Bang birthed two universes, with 
opposing arrows of time. (Image credit: APS/Alan Stonebraker.) 



arrows of  time, but within the multiverse scenario (Carroll 2004).) JTF’s Time review discusses the 
puzzle regarding time’s arrow in more depth. 

It’s not clear how viable any of  these less-conventional cosmological models are. But then, there’s not 
likely to be a final resolution until physicists come up with a fully satisfactory merger of  quantum 
theory and general relativity—a merger that, as discussed in the JTF review of  Emergence, is widely 
expected to encompass not just the origin of  the universe, but the origin of  space and time themselves. 

It’s fair to say, however, that no rival models have anything like the widespread acceptance enjoyed by 
inflationary cosmologies. As mentioned briefly above, confidence in inflation was boosted in part by the 
discovery in the late 1990s that the expansion of  the universe is accelerating, a phenomenon attributed 
to some unknown source dubbed “dark energy.” The next chapter describes the series of  independent 
observations made over the course of  decades that suggest that the bulk of  the universe is a mystery, 
made up of  invisible and unidentified “dark matter” and dark energy—and attempts by physicists to 
work out what these entities may be.


Back to the Table of  Contents 

5. THE DARK UNIVERSE 

In Chapter 4, we saw how the cosmic microwave background (CMB) draws a veil across the early 
universe. And we looked at how scientists have tried to peer past that barrier by extrapolating known 
physics back as far as it will go—only to end up with a radically new picture of  what the Big Bang was, 
and what cosmic origins might really entail. 

In this chapter, we’ll look at the theorists and observers who’ve spent those same decades focused on 
this side of  the veil, where they have begun to discover that “known physics” leaves out a lot. Indeed, by 
pioneering ever more precise and sophisticated versions of  their standard tools—spectroscopy, the 
cosmic distance ladder, and observations of  the CMB—these researchers have uncovered at least two 
major phenomena that are utterly mysterious and absolutely invisible, but that have shaped the 
evolution of  the universe in profound ways. The first is “dark matter,” an unknown substance that is 
now thought to compromise around 80% of  matter in the universe, dwarfing the visible matter we see 
around us. The second is “dark energy,” a mysterious entity that astronomers believe is causing the 
cosmic expansion to accelerate. Until astronomers and cosmologists get a better handle on these two 
factors, they will struggle to understand exactly what happened at our universe’s birth, how the cosmos 
has evolved since, and what its ultimate fate will be.  

I. DARK MATTER 

1. Missing Mass? 

The first inkling of  the dark universe’s existence came in 1933, when Fritz Zwicky stumbled upon a 
striking anomaly hidden in the landmark survey of  galactic redshifts that Edwin Hubble and Milton 
Humason had published just two years earlier, relating the velocity of  galaxies to their distance from 
Earth (see Chapter 2.II.3). Zwicky noticed that several galaxies in the sample lay in a dense grouping 
known as the Coma Cluster (Figure 14), and showed quite a lot of  scatter around the straight-line 
velocity-distance relation (E. Hubble and Humason 1931). Since the Coma galaxies are essentially the 
same distance from Earth, Zwicky realized, he just had to subtract their average redshift to get their 
random motions within the cluster. (The technical term is peculiar velocity.) And then, since the galaxies’ 
mutual gravitational attraction was presumably what kept them from flying apart, and since the force 
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of  gravity between objects is proportional to their mass, he could use those peculiar velocities to 
estimate the cluster’s total mass.  

But therein lay the anomaly: When 
Zwicky est imated the Coma 
C l u s t e r ’ s m a s s f r o m w h a t 
astronomers could see—roughly 
800 galaxies—he concluded that the 
random speed of  a typical Coma 
galaxy ought to be about 80 
kilometers per second. The peculiar 
ve l o c i t i e s t h a t H u bb l e a n d 
Humason actually saw were closer 
to 1000 kilometers per second. This 
meant that there was an enormous 
amount of  gravity coming from 
something astronomers couldn’t see
—something that Zwicky, writing in 
German, called dunkle Materie: dark 
matter (Zwicky 1933).  

Zwicky didn’t think that this matter 
was invisible in any literal sense. He 
just though that it was made of  dim 
or burnt-out stars, or dense clouds 
of  interstellar gas and dust: stuff  

that was tough to see through a telescope (Zwicky 1937c). But still—1000 kilometers per second? Most 
astronomers found these cluster numbers to be so big and so baffling that they figured the analysis had 
gone wrong somehow—even if  the alternatives didn’t make much sense either.  

Meanwhile, other astronomers had been looking for dark matter in individual spiral galaxies. Their 
strategy was essentially the same as Zwicky’s: use the velocities you can see to measure the mass that you 
(mostly) can’t. In the case of  spirals, which were known to be rotating like pinwheels, this meant using 
spectroscopic red- and blueshifts (see Chapter 2.II) to get the rotation speed of  stars further and further 
out in the spiral arms. Then Newton’s law of  gravity would allow you to relate the speed at any given 
radius to the mass inside of  that radius.   

In practice this was tricky, since the outer parts of  spiral arms tended to be so faint it was hard to get 
good spectra. But in 1970, Vera Rubin and Kent Ford described how they had used a new, ultra-
sensitive spectrograph developed by Ford to obtain a high-resolution rotation curve for the Andromeda 
galaxy (Rubin and Ford 1970). Their data encompassed essentially the entire visible disk, and showed 
that the rotational velocities out in the spiral arms weren’t falling as fast with radius as might be 
expected. In fact, just as the arms were tailing off  into invisibility, there were signs that the curve might 
be flattening out—a possibility that was soon confirmed in Andromeda and other galaxies by radio 
astronomers studying a strong spectral line emitted by interstellar hydrogen gas at a wavelength of  21 
centimeters (Rogstad and Shostak 1972; Whitehurst and Roberts 1972; Roberts and Rots 1973; 
Roberts 1975). “If  [these data] are correct,” wrote one of  the radio investigators, “then there must be 
in these galaxies additional matter which is undetected” (Freeman 1970). It was as if  each spiral galaxy 
was embedded in a massive, but transparent, halo that extended far beyond the visible stars.  
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Figure 14: The Coma Cluster. (Image credit: NASA/JPL-Caltech/GSFC/SDSS.)



Although the astronomers who studied individual galaxies didn’t often communicate with their 
colleagues working on clusters, two independent groups finally put their findings together in 1974, and 
suggested that both might have the same explanation: dark matter. A Princeton collaboration between 
James Peebles, Jeremiah Ostriker, and Amos Yahil, memorably made the case in their opening 
sentence: “the masses of  ordinary galaxies may have been underestimated by a factor of  10 or 
more” (Ostriker, Peebles, and Yahil 1974). 

This realization had profound cosmological implications. As described in Chapter 4.I.1, the average 
mass density of  the universe is intimately tied to the universe’s shape and its ultimate fate. If  the density 
is higher than some critical value, then the cosmos will be ‘closed’ and eventually gravity will pull the 
universe back inwards in a crunch; if  it is lower than this value, the cosmos will be ‘open,’ forever 
growing outwards; and if  the average density of  the universe is exactly at the critical value, the universe 
will be ‘flat’—forever growing, but at a decelerating rate. Researchers had always assumed that the 
universe was open, since it appeared to contain relatively little matter. But now, both the Princeton 
group and a team led by Jaan Einasto calculated that this unknown stuff  comprised at least 20% of  the 
mass needed to close the universe, and conceivably might comprise all of  it (Ostriker, Peebles, and 
Yahil 1974; Einasto, Kaasik, and Saar 1974). Or to put it another way, the density of  dark matter might 
just determine the fate of  the universe. 

As time went on, the evidence for this conclusion would only get stronger; the best figures today show 
that ordinary matter makes up less than one-fifth the total mass in the universe (Planck Collaboration et 
al. 2018). But of  course, that just leads to another obvious question: if  dark matter is ubiquitous yet 
utterly invisible—what is it?  

2. MACHOs or WIMPs? 

The answer wasn’t (and isn’t) quite so obvious. Zwicky and his contemporaries had assumed that dark 
matter was made up of  cold, non-glowing interstellar gas. But on close inspection, that simply wouldn’t 
work. At the scale of  clusters, observers looking at radio, optical, and X-ray wavelengths had indeed 
been able to find a faint haze of  ionized hydrogen drifting in the space between galaxies, but it was not 
nearly enough to explain Zwicky’s findings (Penzias 1961; Woolf  1967; Meekins et al. 1971). 

Another possibility was that dark matter might be comprised of  massive astrophysical compact halo 
objects, or “MACHOs”—a  grab-bag category of  objects that shared little except for being dense, dark, 
and infinitesimally tiny on a galactic scale. Astronomers knew of  many candidates, both real and 
hypothetical. The list included dim red stars; old, burnt-out white-dwarf  stars; faintly glowing brown 
dwarf  stars without quite enough mass to ignite thermonuclear fusion; neutron stars formed from the 
cores of  detonating supernovae; free-roaming, Jupiter-sized planets—even primordial black holes left 
over from the Big Bang. MACHOs remained viable dark-matter candidates well into the 1990s and 
2000s, until multiple separate collaborations reported observations showing that there simply are not 
enough such objects in the universe to account for the missing matter (Irwin et al. 1989; Gould 2000; 
Alcock et al. 2000; Lasserre et al. 2000; Tisserand et al. 2007). 

If  not gas, and if  not MACHOs that were dim but technically still visible, then maybe dark matter 
really was invisible. Maybe it was actually a swarm of  elementary particles left over from the Big Bang 
(Feng 2010).  

This idea emerged in the 1970s, and by the end of  the 1980s had become most physicists’ favorite 
explanation for dark matter. The stuff ’s otherwise baffling invisibility could be explained quite naturally 
if  the particles were electrically neutral, and thus allowed photons to pass through without getting 
scattered or absorbed. Likewise with dark matter’s ability to flow through stars, planets, and people, 
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without even slowing down: that would follow if  the particles didn’t respond to the strong nuclear force. 
And finally, since the Big Bang should produce the particles in vast numbers, dark matter’s immense 
gravitational pull would follow if  the individual particles had even a tiny mass. Thus the hypothetical 
entities’ nickname: WIMPs, or weakly-interacting massive particles (Steigman and Turner 1985).  

Adding to the plausibility of  the WIMP idea was that real particles existed with each of  these 
properties. And one family of  them, the neutrinos, had them all: zero charge, tiny masses, no strong 
interactions, the works (Gershtein and Zel’dovich 1966; Szalay and Marx 1976; Lee and Weinberg 
1977; Gunn et al. 1978; Doroshkevich et al. 1980). Unfortunately, the hope that neutrinos could 
account for dark matter didn’t survive past the mid-1980s. When researchers used computer 
simulations to model how galaxies and clusters would have evolved over the eons, as explained more 
fully in section I.4 below, they soon found that the neutrinos-as-dark-matter assumption yielded results 
that did not match the actual observed distribution of  galaxies and clusters in the universe. It’s still 
possible that neutrinos are a small component of  dark matter, but physicists are now confident that the 
main dark-matter particles have to be something else entirely. (JTF’s Fine-Tuning review describes 
other recent experiments that suggest that new, and as yet unidentified, particles may exist.) 

Fortunately, there are lots of  other candidate particles—hypothetical, to be sure, but well-motivated by 
physicists’ continued work on unified field theories (Feng 2010). One is the “axion,” which was 
proposed in the late 1970s as an essential add-on to the theory of  quarks, gluons, and the strong 
interactions—a.k.a. quantum chromodynamics (Peccei and Quinn 1977a; 1977b; Wilczek 1978; 
Weinberg 1978). If  the axion exists, it would have to be very light (10-6 to 10-4 electron volts, or less 
than a billionth the mass of  an electron), and very feeble in its interactions with other particles. But it 
would also be stable and copiously produced during the Big Bang (Bertone and Hooper 2018, chap. V). 
The axion has thus been a prime candidate for the dark-matter particle ever since.  

Other dark-matter candidates arose from theories in which our spacetime had more than the usual four 
dimensions, but with the extras curled up so tight that they were imperceptible. (The best-known 
example is superstring theory, which calls for 10 dimensions.) The effect of  this curling-up would be to 
give every known particle a series of  higher-mass partners, in somewhat the same way that an organ 
pipe produces a series of  higher-pitched harmonics. When researchers worked through the details, 
several of  these partners looked like good dark-matter candidates (Bertone, Hooper, and Silk 2005). 

Meanwhile, another large family of  dark-matter candidates had turned up as physicists developed 
“supersymmetry”—a mathematically elegant, but decidedly non-intuitive approach that calls for 
enlarging Einstein’s spacetime with new dimensions that behave a bit like the square root of  an 
ordinary dimension (Gervais and Sakita 1971; Gol’Fand and Likhtman 1971; Wess and Zumino 1974). 
Fortunately, supersymmetry’s practical effect was straightforward: each of  our familiar particles would 
get paired with a super-partner. No such super-partners have ever been detected, but if  they exist, they 
might be the missing dark-matter particles.  

3. Detecting Dark Matter 

Efforts to detect WIMPs follow three major strategies—direct detection, astrophysical annihilation, and 
new particle production—none of  which have proved fruitful so far (Bertone, Hooper, and Silk 2005; 
Hooper and Baltz 2008; Bertone and Tait 2018; Bertone and Hooper 2018, chap. IX). 

(i) Direct Detection  

This approach starts from one fact—if  dark matter really is made of  WIMPs, then zillions of  the 
particles will be streaming through our solar system every second—and one assumption: the particles’ 
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interactions with ordinary matter will be very weak, but not quite zero. So the idea is to take a target 
made of  ordinary matter and put it somewhere deep underground, away from other interference, and 
just watch and wait for some atom in the target to spontaneously emit an explosive spray of  particles as 
if  it had been hit by something that came from nowhere (Gaitskell 2004). That something will be a 
dark-matter candidate. 

Experiments of  this type have 
been underway since the 
1980s, and have eliminated 
many theoretical possibilities 
for dark-matter particles. Yet 
not one of  them has seen an 
unambiguous dark matter 
signal. In 2020, to take the 
most recent example, the 
XENON1T team in Italy 
announced that their 3.3 
tonne, l iquid-xenon-filled 
d e t e c t o r i n t h e d e e p 
underground Gran Sasso 
Laboratory had found a signal 
that was consistent with an 
axion coming from the sun, or 
poss ibly a new k ind o f  
neutrino (Aprile et al. 2020) 
(Figure 15). They could not 
rule out contamination from 
radioactive tritium, however; 
so this detection is currently unconfirmed. Getting a more definitive answer will be a job for one of  the 
next-generation dark-matter experiments now coming on line.  3

A number of  researchers have also pointed out that most existing detectors assume that dark-matter 
particles are heavier than the proton—and would have missed them if  the particles are actually very 
light. So instead, these scientists have proposed detectors in which light dark-matter particles passing 
through a solid-state device could excite a subtle electronic excitation known as a “plasmon” (Kurinsky 
et al. 2020; Kozaczuk and Lin 2020), or an even more subtle spin excitation known as a 
“magnon” (Trickle, Zhang, and Zurek 2020). 

(ii) Astrophysical Annihilation  

Another approach checks to see if  dark-matter particles out in interstellar space might occasionally 
collide and destroy one another, producing either a pair of  detectable gamma rays (Gunn et al. 1978; 
Stecker 1978), or perhaps a proton and antiproton (Silk and Srednicki 1984). Alternatively, dark-matter 
particles trapped in the core of  the sun might accumulate over the eons and annihilate into neutrinos 
detectable here on Earth (Krauss et al. 1985). Again, however, no one has yet found an unambiguous 
signal from dark-matter annihilation (Bertone and Hooper 2018, chap. IX; Porter, Johnson, and 

 Next-generation dark-matter detectors include: XENON1T’s successor, the 8-tonne XENONnT in Gran Sasso; the 7-3

tonne, xenon-filled LUX-ZEPLIN (LZ) experiment located in an former gold mine in South Dakota; the solid-state Super 
Cryogenic Dark Matter Search (SuperCDMS) at the SNOLab in Ontario; and the second-generation Axion Dark Matter 
eXperiment (ADMX G2) at the University of  Washington.
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Figure 15: The heart of the XENON1T apparatus being assembled in the clean room. 
(Image credit: XENON1T.)



Graham 2011). The center of  the Milky Way does show a gamma-ray excess consistent with dark-
matter annihilation (Goodenough and Hooper 2009; Daylan et al. 2016), but further work is needed to 
confirm this possibility. 

(iii) New Particle Production 

Some physicists are trying to make dark-matter particles in a high-energy accelerator such as the Large 
Hadron Collider (LHC) outside Geneva, Switzerland (Boveia and Doglioni 2018). This is much easier 
said than done, however. Not only would the collision events that produced a dark-matter particle be 
exceedingly rare, but the experimenters wouldn’t actually see the particle once they’d made it: the thing 
would fly out of  the detector (and the solar system) without interacting with anything else, as utterly 
invisible as its dark-matter siblings out in space. Instead, physicists would have to infer its existence and 
properties by looking at the energy and distribution of  all the other particles produced in the collision. 
And even if  they managed to pull that off, they would know only that they had discovered an invisible 
particle, not that it was the invisible dark-matter particle.   

It’s worrisome that neither the LHC nor any other accelerator has yet found the slightest hint of  a 
dark-matter particle, or supersymmetry, or extra dimensions. Of  course, that could all change 
tomorrow—or more precisely, at some point after the spring of  2021, when the LHC is scheduled to 
finish its current round of  upgrades and start generating data again with its beams set to a much higher 
intensity. This should allow it to do a much more thorough search for rare events. Likewise, events 
could start appearing at a new-generation dark-matter detector.  

In short, the near future is rife with possibilities for dark-matter detection—or not. Stay tuned. 

4. The Cosmic Web 

Even if  astronomers have yet to identify 
it, evidence has been mounting that dark 
matter is real. Further strong support 
comes from looking at the distribution of  
galaxy clusters across the sky, as observed 
by a number of  huge telescope surveys. 
Astronomers had known for decades that 
this large-scale structure is at least 
somewhat hierarchical: stars form 
galaxies; galaxies form groups (a prime 
example being our own local group, 
wh i ch inc lude s the Mi l ky Way, 
Andromeda, and several others); and 
groups form clusters like Coma or Virgo. 
But there was thought to be few if  any 
connections among the largest clusters, 
which seemed like isolated islands poking 
up from the Pacific. The first hint of  
something more came in 1982, when a 
team at the Harvard-Smithsonian Center 
for Astrophysics published the first large, 
3-D map of  the nearby universe 
constructed from redshift data on 2,200 
galaxies (Davis et al. 1982). The authors 
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Figure 16: A modern map of the cosmic web, created by the Sloan Digital 
Sky Survey. Each dot is a galaxy. (Image credit: SDSS.)



described the galaxy distribution they found as “frothy,” as if  they were taking a slice through a sea of  
soap bubbles with walls made of  clusters and superclusters, and galaxy-free interiors forming voids 
more than a hundred million light-years across. Subsequent 3-D maps have pushed out to much 
greater distances, and have harvested redshifts from many more galaxies. But they show essentially the 
same frothy structure—the “cosmic web” (Figure 16).  

The existence of  this 
cosmic web made it 
c l e a r f r o m t h e 
beginning that existing 
computer simulations 
of  galaxy formation 
w e r e m i s s i n g 
s o m e t h i n g c r u c i a l 
( E f s t a t h i o u a n d 
Eastwood 1981). Such 
s i m u l a t i o n s h a d 
c l u s t e r s , b u t n o 
filaments and no web. 
T h e m i s s i n g 
ingredient, obviously, 
was dark matter, and 
modelers rushed to 
include it. Very quickly, 
however, they found 
t h a t t h e i r i n i t i a l 
assumption—that the 
dark matter was made 
of  neutrinos—simply 
would not work. The 
neutrinos emerging 

from the Big Bang would still be moving at virtually the speed of  light, making them far too “hot” to 
condense into the kind of  filaments seen in the cosmic web (Frenk, White, and Davis 1983; White, 
Frenk, and Davis 1983). Much better were “cold” dark-matter particles: axions, WIMPs or anything 
else that would emerge from the Big Bang moving at speeds much slower than light (Peebles 1982; 
Bond, Szalay, and Turner 1982; Blumenthal, Pagels, and Primack 1982; Peebles 1984; Blumenthal et 
al. 1984). When modelers completed the first cosmic simulation using cold dark matter, they found that 
it would produce a large-scale web very much like the one being revealed in the redshift surveys (Davis 
et al. 1985). Figure 17 shows an example of  such a simulation. 

All of  which is why the cold dark matter (CDM) paradigm has reigned ever since (Bertone and Hooper 
2018, chap. VIII c)—albeit with one other critical caveat. As described in section II below, in the late 
1990s, cosmologists would be astonished to discover that the universe is growing at an ever faster rate, 
forcing them to posit that it is being pushed outwards by another mysterious entity: dark energy. Once 
this was realized, cosmologists had the final piece of  their own standard model.  
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Figure 17: The Max Planck Institute for Astrophysics simulated the evolution of cold dark matter in a 
cubic region of the universe 2 billion light years on a side. The resulting cosmic web is statistically 
almost identical to the one seen in galaxy surveys. (Image credit: Springel et al.)
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Is Dark Matter an Illusion? The Case For (and Against) Modified Gravity

While most physicists accept that dark matter exists, a minority of researchers have investigated the 
possibility that the anomalies found by Zwicky, Rubin, Ford, and others, can be explained without invoking 
invisible matter. Instead they argue that Newton’s law of gravity may need to be modified when applied to 
galaxies.

In 1963, Arrigo Finzi broached the possibility that the visible galaxies Zwicky noted to be moving surprisingly 
fast were doing so because gravity just pulls more strongly in these clusters than we expect (Finzi 1963). 
Two decades later, Mordehai Milgrom introduced a formula for Modified Newtonian Dynamics, or MOND, 
and gave a dark-matter-free account of galaxy rotation curves and the like (Milgrom 1983c; 1983a; 1983b). 
He and Jacob Bekenstein would spend the next two decades developing it into a much more sophisticated 
theory—a variant of Einstein’s general relativity that made gravity tug harder than expected in some places 
(J. Bekenstein and Milgrom 1984; J. D. Bekenstein 1988; 2004; Bertone and Hooper 2018, chap. VII).

MOND struggled, however, when increasingly detailed data about galaxy clusters became available in the 
early 2000s (Aguirre, Schaye, and Quataert 2001). And in 2004, MOND’s prospects went from bad to worse 
when astronomers got their first close look at the Bullet Cluster: a remote system in which two clusters were 
just emerging from a violent, 100-million-year-long collision (Tucker et al. 1998). Optical images showed that 
the visible galaxies had suffered minimal damage—mostly flying right through one another (Figure 18). At 
the same time, however, the intergalactic gas clouds (shown in pink) had hit hard, slowing them down and 
creating dramatic shock waves. High-resolution X-ray images captured by NASA’s Chandra satellite showed 
that the two gas clouds are also starting to 
separate again, but are trailing well behind 
the visible galaxies. 

The real eye-opener, however, was the dark-
matter map of the Bullet Cluster derived from 
“gravitational lensing”: an effect  predicted by 
Einstein decades earlier. Lensing is what 
happens when light from a far-distant object 
is bent around a star, nebula, or galaxy, lying 
in between, producing a magnified image for 
astronomers here on Earth (Albert Einstein 
1936). The lensing effect is larger for more 
massive objects, and can thus be used to 
estimate their mass (Zwicky 1937a; 1937b; 
1937c). Such observations had already 
verified that clusters in general contain a lot 
more mass than can be accounted for by 
visible matter alone (Tyson, Valdes, and 
Wenk 1990; Kaiser and Squires 1993; 
Mellier 1999; Massey, Kitching, and Richard 
2010). And now, with the Bullet Cluster, the 
lensing maps showed two lobes of dark stuff 
(in blue) aligned along the same axis as the 
gas clouds, but centered much further out—
right on top of the two visible clusters. The 
dark-matter clumps, along with the visible 
galaxies, had clearly passed right through 
one another feeling no friction at all—even as the clouds of gas were suffering a trainwreck. The obvious 
conclusion was that dark matter and visible matter are two separate things that can move independently—a 
fact that was virtually impossible to square with any form of modified gravity (Markevitch et al. 2004; Clowe 
et al. 2006). In the years since then, as astronomers study more colliding clusters, that conclusion has only 
grown stronger (Harvey et al. 2015).   

Figure 18: The Bullet Cluster. Hot gas from one cluster (pink) has passed 
through the hot gas in another. But most mass is found, by gravitational 
lensing, to reside in the blue clumps.  (Image credit: X-ray: NASA/CXC/
CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/
D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/
U.Arizona/D.Clowe et al.)



II. DARK ENERGY 

1. The Return of  the Cosmological Constant 

Cosmology entered the 1990s with the cold dark matter (CDM) model looking like the model to beat 
(Calder and Lahav 2010). But in a landmark study published in 1990, a team of  astronomers scanned 
20 years’ worth of  astronomical imagery from Australia, and compiled a map of  some two million 
galaxies spanning much of  the southern hemisphere (Maddox et al. 1990). What they found was that 
the real universe shows a lot more clustering at the largest scales than any pure CDM simulation could 
account for, and that only one fix was truly consistent with the data—an idea that Einstein had posited 
back in the early 20th century and then dismissed.  

In Chapter 2, we saw how Einstein had been disturbed to find that his equations of  general relativity 
implied that the universe was unstable; they suggested the cosmos must either be growing or shrinking. 
To counter this effect, Einstein introduced a cosmological constant into his equations that would push 
space outwards balancing the inward pull of  gravity and keeping his universe static. When Hubble and 
others showed that the cosmos is in fact expanding, Einstein threw out the cosmological constant as 
unnecessary. But now, cosmologists were starting to think it might actually exist—not least because 
computer simulations with a cosmological constant provided the best match with observational data 
(Efstathiou, Sutherland, and Maddox 1990).  

Since Einstein and everyone who came after him had denoted the cosmological constant by the Greek 
letter lambda (λ, capital form Λ), this scenario soon became known as the Lambda Cold Dark Matter 
model: ΛCDM. Modelers soon found that they could bring the simulated cosmic web almost perfectly 
in line with observations if  the universe actually contained a cosmological constant that was equivalent 
to maybe 60% to 70% of  the universe’s energy and matter budget, with the rest made up of  matter 
(mostly dark matter, plus normal matter) (Martel 1991; Suginohara and Suto 1992; Cen, Gnedin, and 
Ostriker 1993; Cen and Ostriker 1994; Gnedin 1996a; 1996b). 

When you put it all together, everything pointed in the same direction—toward a universe best 
described by the ΛCDM model (Ostriker and Steinhardt 1995; Calder and Lahav 2010). 

But such a cosmological constant would create an outward push on the universe, and there was no 
observational data hinting at such an effect. Not until 1998. 

2. Accelerating Expansion 

In the 1990s, two rival teams of  astronomers had been racing to perfect their observations of  type Ia 
supernovae (Figure 19). This class of  exploding stars promised to become a whole new kind of  
standard candle—which, as we saw in Chapter 2.II.2, are celestial objects whose luminosity can be 
accurately measured and used to pinpoint their distance from Earth (Kirshner 1999). In 1998, after 
meticulously refining their distance data, both teams announced the same jaw-dropping result: the 
universe is not just expanding as Hubble and others had shown. Its growth is accelerating  (Riess et al. 
1998; Perlmutter et al. 1999; Kirshner 1999).  

This acceleration was astonishing because astronomers assumed that, while the universe may have been 
blasted outwards by the Big Bang, its expansion rate should now be slowing down as the gravity 
between its contents pulls matter inward. The data from both groups also fit with the picture of  a 
cosmological constant that corresponds to about 70% of  the universe’s density, with matter (both dark 
and visible) making up 30%.  
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It was this dramatic revelation that pushed cosmologists toward a broader acceptance of  the ΛCDM 
idea, although they weren’t always happy about it. The model was still asking them to embrace two 
mysteries instead of  one, dark matter and this new thing, Λ. It left everyone wondering what Λ actually 
was. An honest-to-Einstein constant that affected every point in the universe’s vacuum equally, for 

example? Some new kind of  quantum field that 
could vary (very slowly) from place to place and 
moment to moment (P. J. Steinhardt and 
Caldwell 1998)? Something even weirder 
(Caldwell 2004)? No one knew—then or now. 
The best anyone could do was cover all the 
possibilities with a catchy new name for Λ: “dark 
energy” (Turner 1999). 

Dark energy raised an additional mystery 
regarding its measured value. Particle physicists 
know how to calculate the magnitude of  a 
cosmological constant that takes the form of  an 
energy pervading the vacuum. But their sums 
suggest that it should be much bigger than 
observed, by a factor of  10120. If  it did take on 
that immense value, however, the early universe 
would have barrelled outwards so fast that no 
structure could ever have formed—which is why 
Steven Weinberg used anthropic arguments 
(introduced in the previous chapter) back in the 
1980s to argue that if  any cosmological constant 
exists, it must have a small value (Weinberg 
1987). Any larger, and we wouldn’t have evolved. 

Following the lines of  argument given in Chapter 4, section II.2, multiverse proponents thus cite the 
strange and fortuitous (for the formation of  human life) value of  dark energy as another example of  a 
fine-tuning puzzle that can be solved by accepting an inflationary multiverse. If  many other universes 
exist, then it’s plausible that at least one would contain a rare small value for the cosmological constant, 
while larger values are instantiated in other cosmoses. (See JTF’s Fine-Tuning review for more about 
such anthropic arguments.)  

Yet there it was: despite the confusion (and the ongoing contentiousness of  anthropic arguments) the 
dark-energy/ΛCDM scenario was the only one left that fit all the data. And for any remaining 
doubters, it soon got an even more spectacular confirmation from a completely different source, the 
cosmic microwave background experiments. 

3. Baryon Acoustic Oscillations 

Physicists use the term “baryonic,” from a Greek word meaning heavy, for any type of  normal matter 
containing protons, neutrons, or more complex atomic nuclei—a category that includes gas clouds, 
stars, planets, and us. Back in the 1970s, physicists realized that the hot plasma of  baryonic matter in 
the early universe would be caught in a battle between gravity, which was constantly trying to pull the 
hot plasma into clumps, and photons, which were constantly trying to push the ions apart again 
(Sunyaev and Zel’dovich 1970; Peebles and Yu 1970). This push-and-pull would create cosmic sound 
waves: the plasma would literally have been humming. Later research also showed that the expanding 
cosmos would have acted on these so-called “baryon acoustic oscillations” something like an organ 
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Figure 19: G299 is the remnant leftover after a Type Ia supernova
—the thermonuclear explosion of a star, involving the fusion of 
elements that releases vast amounts of energy. (Image credit: 
NASA/CXC/U. Texas.)



pipe, enhancing those wavelengths that resonated while damping those that didn’t (Hu, Sugiyama, and 
Silk 1997).  

Astronomers cannot directly measure such oscillations today, because they would have stopped during 
the cosmic era of  ‘recombination’ when the plasma turned into a bunch of  neutral atoms and the 
photons flew away to become the CMB, as described in Chapter 3.III. But, as we saw in the previous 
chapter, the CMB contains slight fluctuations in temperature caused by inflation. Astronomers realized 
that signs of  the organ-pipe effect would have lived on in those CMB temperature fluctuations 
(Tegmark 1997). 

 

If, of  course, you could get the data. This baryon acoustic oscillation approach was hypothetical until 
NASA launched its Cosmic Background Explorer satellite (COBE) in 1989. A year later, COBE 
returned the first really precise measurement of  the CMB temperature: 2.735 ± 0.06 K (Mather et al. 
1990). And in 1992, it finally detected those elusive temperature variations—or anisotropies, as they are 
known in the trade (Smoot et al. 1992). The anisotropies turned out to be tiny, only a few parts in 
100,000, and unfortunately COBE’s microwave vision was much too fuzzy to see any of  the baryon 
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Figure 20: ESA’s Planck satellite saw the CMB with three times better resolution than NASA’s WMAP satellite 
that preceded it. (Image credit: © ESA and the Planck collaboration; NASA/WMAP Science Team.)



acoustic peaks, which were predicted to start showing up at angular resolutions better than about 1°. 
But by decade’s end, finer-grained microwave data obtained from balloons, sounding rockets, and 
ground-based observatories in the Andes had begun to show hints of  a peak pretty much where the 
ΛCDM model predicted it would be (Miller et al. 1999, fig. 2). In 2000, two long-duration balloon 
experiments, BOOMERanG in Antarctica and MAXIMA in Texas, convincingly measured that peak 
and beyond (de Bernardis et al. 2000; Hanany et al. 2000; Balbi et al. 2000; MacTavish et al. 2006). 

Then in 2001, NASA launched the Wilkinson Microwave Anisotropy Probe, or WMAP,  which 4

scanned the entire microwave sky with 33 times the resolution of  COBE and 45 times its sensitivity 
(Bennett et al. 2003) and found peaks fitting beautifully with a ΛCDM universe (Spergel et al. 2003; 
2007; Hinshaw et al. 2009; Bennett et al. 2011; Komatsu et al. 2011; Larson et al. 2011; Bennett et al. 
2013). WMAP was later superseded by the European Space Agency’s Planck spacecraft, which has 
measured the peaks with even greater accuracy (Planck Collaboration et al. 2018, fig. 1) (Figure 20). 

Down on the ground, meanwhile, astronomers were extracting an alternative view of  the baryon 
acoustic oscillations from the large-scale galaxy surveys mentioned above—notably the Sloan Digital 
Sky Survey. The researchers’ thinking was that the cosmic web of  galaxies and clusters would still show 
signs of  the peaks and valleys that the oscillations had imposed on the CMB-era density anisotropies. 
And they were right: they consistently found that the resonance peaks and other cosmological 
parameters fit very well with the ΛCDM predictions (Percival et al. 2001; 2002; Anderson et al. 2012; 
Dawson et al. 2013; SDSS 2020; eBOSS Collaboration et al. 2020).  

4. The Standard Model of  Cosmology 

The fundamental conclusion following the discoveries of  dark matter and dark energy—and 
measurements of  the subtle temperature variations in the CMB—is that the ΛCDM model describes 
the universe beautifully; none of  the other models come anywhere close. The inferred levels of  dark 
energy and dark matter together imply that the universe is flat, which was a prediction of  inflation 
theory, as noted in the previous chapter, giving that framework another observational boost. 

In short, all the pieces of  the puzzle seemed to have fallen into place, with numerous independent 
experiments and observations dovetailing neatly. 

Apart from one nagging discrepancy, that is. As described in Chapter 6, there’s one parameter that all 
these different measurement techniques disagree on: the exact value of  the Hubble parameter, 
introduced in Chapter 2, which indicates the universe’s growth rate. That means that ironically, as 
cosmologists get a better handle on the processes that occurred soon after the Big Bang—allowing them 
to ponder with increasing confidence what might have happened before it—they are becoming less and 
less certain of  when the Big Bang happened. Initially, astronomers assumed that as their experiments 
improved, the tension between their calculations of  our universe’s age would evaporate. It turns out 
they were wrong, with additional ever more precise data only exacerbating the confusion. This 
discrepancy is creating a profound crisis for cosmology, as we shall see in the next chapter. 

Back to the Table of  Contents 

 Originally called “MAP,” WMAP was renamed to honor David Wilkinson, one of  the first to confirm the existence of  the CMB in the 1960s, as 4

described in Chapter 3. Wilkinson had been one of  the prime movers behind COBE and this mission, before his 2002 death from cancer.
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6. THE CRISIS OVER THE AGE OF THE UNIVERSE 

A century ago, astronomers had only the vaguest understanding of  our own Milky Way, much less the 
rest of  the universe, and considered speculation about cosmic origins to be a waste of  time. Today, after 
multiple revolutions in perspective, they are routinely measuring cosmological quantities with incredible 
accuracy, to two and three decimal places, if  not more.  

But better measurements have a way of  raising as many questions as they answer, forcing cosmologists 
to rethink everything they thought they knew. In this chapter, we turn to one of  the biggest mysteries 
today: What is the age of  the universe? The trouble is that depending on which method astronomers 
use to estimate the universe’s age, they can get very different answers—off  by about a billion years. 
This raises the possibility that the standard model of  cosmology—and with it the picture of  
cosmological origins honed over the preceding decades—may be wrong.  

I. THE HUBBLE TENSION 

The age of  the universe is intimately related to the value of  the Hubble parameter, H0, which was first 
described in Chapter 2.II.3 and serves as a measure of  the rate at which the cosmos is expanding. 
Recall that early in the 20th century, Edwin Hubble and others had established that the universe is 
growing in size by noting that most other galaxies appear to be receding away from our planet. (In fact, 
all galaxies are receding away from all other galaxies, on average.) They found that the speed v at which 
the galaxies are moving away from Earth is directly related to their distance D from us, according to the 
equation v = H0 D, where H0  is just a constant that astronomers could estimate by making observations.  

The inverse of  this parameter, 1/H0, is actually a measure of  the time since the Big Bang—a larger 
measured value of  H0 would imply that the universe is relatively young, while a smaller value would 
suggest that the universe is older. It seemed reasonable to assume that as the decades passed and 
observations and experiments became more sophisticated, astronomers would get closer to the true 
value of  H0 and thus have a more precise handle on just how long our universe has been around (or, if  
you are a proponent of  the multiverse view, how long the bubble of  the multiverse that we call home 
has existed).     

As described in Chapter 5.II.3, some of  the most precise measurements to have been carried out in 
recent years have been those made of  the cosmic microwave background (CMB). In 2013, the Planck 
science team released their first tranche of  data from their CMB observations (Planck Collaboration et 
al. 2014a). Included was their best estimate for the Hubble parameter: 67.11 kilometers per second per 
megaparsec. (The current best figure, after further refinement, is 67.44 ± 0.58 in the same units (Planck 
Collaboration et al. 2018).) The Planck numbers fit with the estimates of  the age of  the universe made 
by earlier measurements of  the CMB by NASA’s Wilkinson Microwave Anisotropy Probe (WMAP), 
landing at an age of  around 13.8 billion years for the universe. But rather than celebrating, 
astronomers had the sinking feeling that something might be going very wrong.  

The problem was that just two years earlier, the Supernovae, H0 and Equation of  State (SHoES) 
consortium based at the Space Telescope Science Institute in Baltimore had completed its own quest to 
determine H0. They made their estimate using a different technique that involved two types of  
standard candles. As discussed in Chapter 2.II.2, standard candles are variable stars or supernovae 
whose distance from Earth can be pinned down extremely accurately when astronomers measure their 
luminosity. In Chapters 2 and 5, we saw how they were used to prove two shocking revelations about 
the cosmos—first that it was bigger than thought, and expanding, and then that this growth is 
mysteriously accelerating. Using the same methods, the SHoES team used the Hubble Space Telescope 
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to monitor Cepheid variable stars and Type 1a supernovae in the same galaxies, and calculated that H0 
is 73.8 ± 2.4 kilometers per second per megaparsec—10% higher than the Planck result. (The current 
best value from the SHoES group is 74.03 ± 1.42 in the same units (Riess et al. 2019).) Even taking into 
account that there may be some leeway in these numbers due to errors in the measurement techniques, 
these numbers are way off  (Riess et al. 2011). If  nothing else, this would correspond to a universe at 
least a billion years younger than the Planck/WMAP age of  13.8 billion years. 

Now, discrepancies crop up all the time in astronomy, especially when it comes to cosmology. But this 
billion-year mismatch is too huge to shrug off.  It’s a testament to how precise these measurements have 5

gotten that this difference was widely seen as a crisis. In an effort to pinpoint where the problem lay, 
cosmologists turned to every alternative measure of  the Hubble parameter that they could think of—
and soon concluded that something was really wrong (Verde, Treu, and Riess 2019).  

When they looked at estimates of  H0 derived from physics in the early universe, at or before the CMB 
formation at 380,000 years, they always got low numbers consistent with the Planck value of  67.44. A 
good example was an estimate of  about 68 for H0 derived from a combination of  baryon acoustic 
oscillations (described in Chapter 5.II.3) and an analysis of  how nuclei heavier than hydrogen formed 
in the early universe, primordial nucleosynthesis (Cuceu et al. 2019).    

But when they looked at direct measures of  H0 based on recession velocities and distances to objects in 
the late universe—quasars, galaxies, clusters, and the like, within a few billion light years of  our cosmic 
neighborhood—they always got high numbers consistent with the SHoES result. Examples included 
Cepheid variables in the Large Magellanic Cloud, a satellite galaxy of  the Milky Way (Riess et al. 
2019); multi-image gravitational lenses, as described in Chapter 5.I (Shajib et al. 2020); and high-
resolution tracking of  naturally occurring “masers” (astrophysical objects that emit microwaves) as they 
orbit around supermassive black holes (Pesce et al. 2020). (Figure 21 compares the values measured by 
various techniques.) 

 Technically, it is described as a difference of  more than four standard deviations, which means it cannot be ignored.5
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Figure 21: The Hubble Tension. (Image created by Maayan Harel for FQXi.)



II. RESOLVING THE TENSION 

This “Hubble tension” has caused much consternation in the cosmology community, and has inspired 
many attempts to resolve it. 

1. Changing the Standard Model of  Cosmology 

One strategy is to note that H0 can’t be determined from the CMB in isolation; it pops out of  the data 
only when you take the standard model of  cosmology—the Lambda Cold Dark Matter (ΛCDM) 
model—as a given. Recall from Chapter 5 that this model assumes that the universe is flat, there is a 
small cosmological constant (causing the expansion of  the universe to accelerate), and the cosmos is 
filled with cold dark matter. It seems sensible to think that if  you change this model, maybe you could 
adjust the low H0 number. 

But change the model how? Theorists have struggled mightily to come up with a replacement for 
ΛCDM that could resolve the Hubble tension while preserving its extraordinary successes, including its 
predictions for the flatness of  the universe, the slight temperature fluctuations in the CMB (the 
anisotropies), or the fluctuations in the density of  visible matter (the baryon acoustic oscillations), and 
all the rest. They’ve postulated the existence of  new kinds of  fields, new phases of  matter that vanish 
just before the CMB forms—on and on. So far, however, none of  these alternatives have gained wide 
acceptance (Knox and Millea 2020).  

2. The Cosmic Distance Ladder 

Another approach to resolve the discrepancy notes that from Hubble’s law, H0 is just the ratio of  an 
object’s cosmic expansion velocity, v, to its distance, D, given by: H0 = v/D. Velocity can be measured 
quite accurately from the object’s spectrum. But distance? Well, that can only be obtained through an 
elaborate series of  overlapping measurements known as the “cosmic distance ladder.” First, as discussed 
in Chapter 2.II, you use parallax to relate the known diameter of  Earth’s orbit to the distance of  
objects in our stellar neighborhood. Then you use parallax to calibrate the distance to various standard 
candles—notably the very bright Cepheid variable stars that can be seen in nearby galaxies. And 
finally, as mentioned earlier in this chapter, you use Cepheids to calibrate an even brighter standard 
candle: the Type 1a supernovae that allowed the discovery of  cosmic acceleration. Thus the skepticism: 
when you do a string of  overlapping calibrations like this, errors can accumulate. So maybe that was 
the source of  all these late-universe, high-H0 results: somewhere along the line, someone had made a 
mistake. 

But where? Astronomers have had lots of  experience with the distance ladder by this point. The 
SHoES team, in particular, has done meticulous work, with multiple cross-checks; neither they nor 
anyone else has found a serious error. Furthermore, the distances obtained from techniques such as 
maser tracking are independent of  the classic distance ladder—but yield a high H0 anyway (Pesce et al. 
2020). 

If  nothing else, the impasse put an intense focus on an alternative distance-ladder calibration method 
being explored by Wendy Freedman and her team. Known as the Tip of  the Red Giant Branch  
(TRGB) technique, it called for skipping the Cepheid rung of  the ladder entirely, and instead looking at 
the brightest red-giant stars in any given sample of  a galaxy. Red giants represent an extremely 
luminous, end-of-life transition that happens in stars like our sun as they are running out of  fuel, and 
they provide an excellent standard candle. Red giants can also be identified quite readily, even across 
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millions of  light years. On the near end, the red giants’ intrinsic brightness can be calibrated through 
the use of  parallax here in the Milky Way and in neighboring Magellanic Clouds. And on the far end, 
they can be used to calibrate distances to the Type 1a supernovae.  

In short, the red-giant technique promised to eliminate any subtle source of  error lurking in the 
Cepheid calibration, and hopefully say which side of  the Hubble tension was correct. But in September 
2019, when Freedman and her team announced their new and highly anticipated value for H0 using 
the TRGB technique, it came out to 69.6 ± 0.8—right in between the late-universe high values and the 
early-universe low values (Freedman et al. 2019; 2020).  

Astrophysicist Mike Boylan-Kolchin succinctly summed up the thoughts of  most of  the cosmology 
community when they heard the news: “The Universe is just messing with us at this point, right?”  6

3. Redshift Surveys 

In July 2020, two other much-anticipated surveys announced equally confounding results. On July 15, 
observers with the Atacama Cosmology Telescope in the Chilean Andes released the first ground-based 
map of  CMB anisotropies that could rival the ones obtained by Planck (Aiola et al. 2020). Their H0   
came in at 67.9±1.5 kilometers per second per megaparsec, perfectly consistent with Planck.  

Then two days later, on July 17, the Sloan Digital Sky Survey (SDSS) released its most massive 
compilation of  galaxy redshifts ever—a 3D map of  the heavens that used quasars and other tracers to 
fill in the 11 or so billion years between the CMB and the galaxies used in the supernovae studies 
(eBOSS Collaboration et al. 2020). Among other things, the survey used baryon acoustic oscillations 
and other data to confirm that the universe is flat to a high precision, and that dark energy has behaved 
like an unchanging constant over that entire span of  time, suggesting that the ΛCDM model is set up 
fine. And, in an attempt to avoid any uncertainties inherent in the traditional cosmic distance ladder, 
the SDSS team calibrated the velocity-distance relation with an “inverse distance ladder” that works 
backward from the CMB. Perhaps not surprisingly, then, their value for H0 is 68.20±0.81—again, 
consistent with Planck. 

And so the tension simmers, with no resolution yet. Either there is something wrong with the ΛCDM 
model (Riess 2019; Knox and Millea 2020), or there is something wrong with the distance ladder 
(Efstathiou 2020).  

Back to the Table of  Contents 

7. CONCLUSION: CONCORDANCE AND BEYOND 

As we’ve described throughout this review, scientific understanding of  cosmic origins has advanced over 
the past century through a series of  paradigm shifts: profound realizations that have forced 
cosmologists to rethink much of  what they thought they knew about the universe.  

A prime example is how the field has spent the past four decades converging on a concordance model of  
cosmic origins that encompasses virtually all the available data. Essentially it’s the ΛCDM model. And 
as we’ve seen, it has four key elements: 

• The Big Bang: The universe we see today has spent the past 13.8 billion years expanding 
outward from its origins—a hot, dense, explosive event that left an afterglow we now know as 

 @MBKplus on Twitter, 16 July 2019, retrieved 12 September 2020: https://twitter.com/MBKplus/status/6

1150938134819102721?s=20.
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the cosmic microwave background, and that brewed a primordial mix of  hydrogen, deuterium, 
and helium, in the ratios we still find today (Chapters 2 & 3). 

• Inflation: The Big Bang itself  emerged from a period of  exponential expansion that stretched 
out the universe until it was completely flat in a geometrical sense, but that also left behind a 
series of  density fluctuations that would eventually grow into today’s cosmic web of  galaxies. It 
would be too much to say that the concordance model also includes the theory of  eternal 
inflation and the multiverse, which holds that our Big Bang was only one of  many; this idea is 
too hard to prove observationally, and leads to anthropic arguments that too many researchers 
find distasteful. But if  you accept inflation at all, the multiverse is difficult to avoid (Chapter 4).  

• Dark Matter: The universe is partially filled with a mysterious, utterly invisible substance that 
outweighs the ordinary, baryonic matter that we are made of  by roughly 5 to 1, and that exerts 
a gravitational pull that dominates the dynamics (and formation) of  visible galaxies. No one can 
be completely sure what dark matter is, but it behaves like a swarm of  weakly interacting, 
massive particles (WIMPs) left over from the Big Bang (Chapter 5). 

• Dark Energy: The cosmic expansion is slowly being accelerated by an equally invisible, but 
even more mysterious substance that accounts for roughly 70% of  all the mass/energy in the 
universe. Dark energy doesn’t seem to be made of  particles; so far as anyone can tell, it’s 
mathematically equivalent to Einstein’s cosmological constant, and affects every point of  
spacetime equally (Chapters 2, 5 & 6). 

Of  course, no one expects the concordance model to be the end of  the story. The fact that we have not 
yet identified dark matter or dark energy, as outlined in Chapter 5, and that the Hubble tension 
discussed in Chapter 6 is still ongoing, may already be pointing us toward the next paradigm shift. But 
even if  the dark-matter particles are found in one of  the new-generation detectors, and even if  the 
Hubble tension is resolved, there are questions still to be answered. Perhaps most fundamental is the 
deceptively simple question, “What banged?” Or to put in a slightly more formal way, how did dark 
energy, dark matter, inflation, and the Big-Bang singularity arise from physical law? And how do they 
all fit in with the multiverse idea—if  indeed they do? Right now, all these components of  the 
concordance model are just … there, with no explanation.  

Finding a more satisfying account may well require profoundly new ideas. But the search for them will 
at least have lots of  guidance from new data. In 2021, for example, NASA is expecting to launch 
Hubble’s successor, the James Webb Space Telescope. With more than six times Hubble’s light 
gathering power, the Webb should provide uniquely clear insight into supernovae standard candles, 
gravitational lensing, and baryon acoustic oscillations in the cosmic web. Following close behind will be 
the European Space Agency’s Euclid spacecraft, due for launch in 2022; and NASA’s Nancy Grace 
Roman Space Telescope, scheduled for launch in 2025. Both will be specialized to carry out highly 
detailed studies of  the dark universe at infrared wavelengths.  

On the ground, a consortium of  US funding agencies is constructing the Vera Rubin Observatory in 
the high Andes, with first light expected in 2022. Formerly known as the Large-Scale Synoptic 
Telescope, the observatory will photograph the entire visible sky in depth and detail—and then do it 
again, and again, and again every few nights for a decade or more. Among other things, this enormous 
dataset will catalog billions of  galaxies, and will give astronomers an unprecedented view of  how dark 
matter influenced their formation, and how (or if) dark energy has evolved over the lifetime of  the 
universe.   

And at microwave wavelengths, finally, a consortium of  funding agencies and philanthropic foundations 
is constructing the Simons Observatory at another site in the Andes—right next to the Atacama 
Cosmology Telescope, in fact. The Simons site will have several telescopes optimized for studying the 
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CMB in even more 
detai l than Planck 
could manage. One 
particular target will be 
B-modes: an extremely 
subtle, swirling pattern 
in the polarization of  
the CMB radiation 
(Figure 22). B-modes 
are widely considered 
to be the smoking gun 
for inflation. In fact, in 
2014, the BICEP2 
collaboration at the 
South Pole wrongly 
announced i t had 
discovered them, and 
the ultimate evidence 
for inflation, before 
having to retract their 
r e s u l t ( B I C E P 2  
Collaboration et al. 
2014). That hiccough 
aside, finding B-modes 
would be the first 
d i r e c t p ro o f  t h a t 
i n fl a t i o n a c t u a l l y 
happened—and would finally allow astronomers to study exactly how it happened.  

In sum, then, no one can predict when the new ideas will come. But with all this new data pouring in, 
no one should be surprised if  the coming decade brings yet more revolutionary changes. 
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Figure 22: Cosmic History. Tiny fluctuations, amplified by inflation, give rise to everything we see in the 
universe today. The smoking gun of inflation will be the detection of a subtle polarization signal in the 
CMB. (Image credit: Ethan Siegel, with images derived from ESA/Planck and the DOE/NASA/NSF 
Interagency Task Force on CMB Research.)



9. BIBLIOGRAPHY 

Abbott, B P, R Abbott, T D Abbott, M R Abernathy, F Acernese, K Ackley, C Adams, et al. 2016. 
“Observation of  Gravitational Waves from a Binary Black Hole Merger.” Phys. Rev. Lett. 116 
(6): 061102. 

Afshordi, Niayesh, and João Magueijo. 2016. “Critical Geometry of  a Thermal Big Bang.” Physical 
Review D 94 (November): 101301. https://doi.org/10.1103/PhysRevD.94.101301. 

Aguirre, Anthony, and Matthew C. Johnson. 2011. “A Status Report on the Observability of  Cosmic 
Bubble Collisions.” Reports on Progress in Physics 74 (July): 074901. https://doi.org/
10.1088/0034-4885/74/7/074901. 

Aguirre, Anthony, Joop Schaye, and Eliot Quataert. 2001. “Problems for Modified Newtonian 
Dynamics in Clusters and the Lyα Forest?” The Astrophysical Journal 561 (2): 550. https://
doi.org/10.1086/323376. 

Aiola, Simone, Erminia Calabrese, Loïc Maurin, Sigurd Naess, Benjamin L. Schmitt, Maximilian H. 
Abitbol, Graeme E. Addison, et al. 2020. “The Atacama Cosmology Telescope: DR4 Maps and 
Cosmological Parameters.” ArXiv E-Prints 2007 (July): arXiv:2007.07288. 

Albrecht, A., and P. J. Steinhardt. 1982. “Cosmology for Grand Unified Theories with Radiatively 
Induced Symmetry Breaking.” Physical Review Letters 48 (April): 1220–23. https://doi.org/
10.1103/PhysRevLett.48.1220. 

Albrecht, A., P. J. Steinhardt, M. S. Turner, and F. Wilczek. 1982. “Reheating an Inflationary 
Universe.” Physical Review Letters 48 (May): 1437–40. https://doi.org/10.1103/
PhysRevLett.48.1437. 

Albrecht, Andreas, and João Magueijo. 1999. “Time Varying Speed of  Light as a Solution to 
Cosmological Puzzles.” Physical Review D 59 (February): 043516. https://doi.org/10.1103/
PhysRevD.59.043516. 

Alcock, C., R. A. Allsman, D. R. Alves, T. S. Axelrod, A. C. Becker, D. P. Bennett, K. H. Cook, et al. 
2000. “The MACHO Project: Microlensing Results from 5.7 Years of  Large Magellanic Cloud 
Observations.” The Astrophysical Journal 542 (October): 281–307. https://doi.org/
10.1086/309512. 

Alexander, Stephon, John D. Barrow, and João Magueijo. 2016. “Turning on Gravity with the Higgs 
Mechanism.” Classical and Quantum Gravity 33 (July): 14LT01. https://doi.org/
10.1088/0264-9381/33/14/14LT01. 

Alpher, R. A., H. Bethe, and G. Gamow. 1948. “The Origin of  Chemical Elements.” Physical Review 
73 (April): 803–4. https://doi.org/10.1103/PhysRev.73.803. 

Alpher, Ralph A., and Robert Herman. 1948. “Evolution of  the Universe.” Nature 162 (November): 
774–75. https://doi.org/10.1038/162774b0. 

Anderson, Lauren, Eric Aubourg, Stephen Bailey, Dmitry Bizyaev, Michael Blanton, Adam S. Bolton, 
J. Brinkmann, et al. 2012. “The Clustering of  Galaxies in the SDSS-III Baryon Oscillation 
Spectroscopic Survey: Baryon Acoustic Oscillations in the Data Release 9 Spectroscopic Galaxy 
Sample.” Monthly Notices of  the Royal Astronomical Society 427 (December): 3435–67. 
https://doi.org/10.1111/j.1365-2966.2012.22066.x. 

Aprile, E., J. Aalbers, F. Agostini, M. Alfonsi, L. Althueser, F. D. Amaro, V. C. Antochi, et al. 2020. 
“Observation of  Excess Electronic Recoil Events in XENON1T.” ArXiv E-Prints 2006 (June): 
arXiv:2006.09721. 

Ashtekar, Abhay. 1986. “New Variables for Classical and Quantum Gravity.” Physical Review Letters 
57 (November): 2244–47. https://doi.org/10.1103/PhysRevLett.57.2244. 

Ashtekar, Abhay, and Brajesh Gupt. 2017. “Quantum Gravity in the Sky: Interplay between 
Fundamental Theory and Observations.” Classical and Quantum Gravity 34 (January): 
014002. https://doi.org/10.1088/1361-6382/34/1/014002. 

 52



Ashtekar, Abhay, Carlo Rovelli, and Lee Smolin. 1992. “Weaving a Classical Metric with Quantum 
Threads.” Physical Review Letters 69 (July): 237–40. https://doi.org/10.1103/
PhysRevLett.69.237. 

Ashtekar, Abhay, and Parampreet Singh. 2011. “Loop Quantum Cosmology: A Status Report.” 
Class ical and Quantum Gravity 28 (November) : 213001. https://doi.org/
10.1088/0264-9381/28/21/213001. 

Awad, Adel, Ahmed Farag Ali, and Barun Majumder. 2013. “Nonsingular Rainbow Universes.” 
Journal of  Cosmology and Astroparticle Physics 10 (October): 052. https://doi.org/
10.1088/1475-7516/2013/10/052. 

Balbi, A., P. Ade, J. Bock, J. Borrill, A. Boscaleri, P. De Bernardis, P. G. Ferreira, et al. 2000. 
“Constraints on Cosmological Parameters from MAXIMA-1.” The Astrophysical Journal 
Letters 545 (December): L1–4. https://doi.org/10.1086/317323. 

Barbour, Julian, Tim Koslowski, and Flavio Mercati. 2014. “Identification of  a Gravitational Arrow of  	
	 Time.” Physical Review Letters 113 (October), 181101. https://doi.org/10.1103/PhysRevLett.	
	 113.181101.    
Bardeen, James M., Paul J. Steinhardt, and Michael S. Turner. 1983. “Spontaneous Creation of  

Almost Scale-Free Density Perturbations in an Inflationary Universe.” Physical Review D 28 
(August): 679–93. https://doi.org/10.1103/PhysRevD.28.679. 

Bekenstein, J., and M. Milgrom. 1984. “Does the Missing Mass Problem Signal the Breakdown of  
Newtonian Gravity?” The Astrophysical Journal 286 (November): 7–14. https://doi.org/
10.1086/162570. 

Bekenstein, Jacob D. 1988. “Phase Coupling Gravitation: Symmetries and Gauge Fields.” Physics 
Letters B 202 (March): 497–500. https://doi.org/10.1016/0370-2693(88)91851-5. 

———. 2004. “Relativistic Gravitation Theory for the Modified Newtonian Dynamics Paradigm.” 
Physical Review D 70 (October): 083509. https://doi.org/10.1103/PhysRevD.70.083509. 

Bennett, C. L., M. Bay, M. Halpern, G. Hinshaw, C. Jackson, N. Jarosik, A. Kogut, et al. 2003. “The 
Microwave Anisotropy Probe Mission.” The Astrophysical Journal 583 (January): 1–23. https://
doi.org/10.1086/345346. 

Bennett, C. L., R. S. Hill, G. Hinshaw, D. Larson, K. M. Smith, J. Dunkley, B. Gold, et al. 2011. 
“Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Are There 
Cosmic Microwave Background Anomalies?” The Astrophysical Journal Supplement Series 192 
(February): 17. https://doi.org/10.1088/0067-0049/192/2/17. 

Bennett, C. L., D. Larson, J. L. Weiland, N. Jarosik, G. Hinshaw, N. Odegard, K. M. Smith, et al. 2013. 
“Nine-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Final Maps and 
Results.” The Astrophysical Journal Supplement Series 208 (October): 20. https://doi.org/
10.1088/0067-0049/208/2/20. 

Bernardis, P. de, P. A. R. Ade, J. J. Bock, J. R. Bond, J. Borrill, A. Boscaleri, K. Coble, et al. 2000. “A 
Flat Universe from High-Resolution Maps of  the Cosmic Microwave Background Radiation.” 
Nature 404 (April): 955–59. https://doi.org/10.1038/35010035. 

Bertone, Gianfranco, and Dan Hooper. 2018. “History of  Dark Matter.” Reviews of  Modern Physics 
90 (October): 045002. https://doi.org/10.1103/RevModPhys.90.045002. 

Bertone, Gianfranco, Dan Hooper, and Joseph Silk. 2005. “Particle Dark Matter: Evidence, Candidates 
and Constraints.” Physics Reports 405 (January): 279–390. https://doi.org/10.1016/
j.physrep.2004.08.031. 

Bertone, Gianfranco, and Tim M. P. Tait. 2018. “A New Era in the Search for Dark Matter.” Nature 
562 (October): 51–56. https://doi.org/10.1038/s41586-018-0542-z. 

Bethe, H. A. 1939. “Energy Production in Stars.” Physical Review 55 (March): 434–56. https://
doi.org/10.1103/PhysRev.55.434. 

 53



BICEP2 Collaboration, P. A. R. Ade, R. W. Aikin, D. Barkats, S. J. Benton, C. A. Bischoff, J. J. Bock, et 
al. 2014. “Detection of  B-Mode Polarization at Degree Angular Scales by BICEP2.” Physical 
Review Letters 112 (June): 241101. https://doi.org/10.1103/PhysRevLett.112.241101. 

Blumenthal, G. R., S. M. Faber, J. R. Primack, and M. J. Rees. 1984. “Formation of  Galaxies and 
Large-Scale Structure with Cold Dark Matter.” Nature 311 (October): 517–25. https://
doi.org/10.1038/311517a0. 

Blumenthal, G. R., H. Pagels, and J. R. Primack. 1982. “Galaxy Formation by Dissipationless Particles 
Heavier than Neutrinos.” Nature 299 (September): 37. https://doi.org/10.1038/299037a0. 

Bojowald, Martin. 2000a. “Loop Quantum Cosmology: I. Kinematics.” Classical and Quantum 
Gravity 17 (March): 1489–1508. https://doi.org/10.1088/0264-9381/17/6/312. 

———. 2000b. “Loop Quantum Cosmology: II. Volume Operators.” Classical and Quantum Gravity 
17 (March): 1509–26. https://doi.org/10.1088/0264-9381/17/6/313. 

———. 2001a. “Loop Quantum Cosmology: III. Wheeler-DeWitt Operators.” Classical and 
Quantum Gravity 18 (March): 1055–69. https://doi.org/10.1088/0264-9381/18/6/307. 

———. 2001b. “Loop Quantum Cosmology: IV. Discrete Time Evolution.” Classical and Quantum 
Gravity 18 (March): 1071–87. https://doi.org/10.1088/0264-9381/18/6/308. 

———. 2001c. “Absence of  a Singularity in Loop Quantum Cosmology.” Physical Review Letters 86 
(June): 5227–30. https://doi.org/10.1103/PhysRevLett.86.5227. 

———. 2007. “What Happened before the Big Bang?” Nature Physics 3 (August): 523–25. https://
doi.org/10.1038/nphys654. 

———. 2008. “Loop Quantum Cosmology.” Living Reviews in Relativity 11 (July): 4. https://doi.org/
10.12942/lrr-2008-4. 

Bond, J. R., A. S. Szalay, and M. S. Turner. 1982. “Formation of  Galaxies in a Gravitino-Dominated 
Universe.” Physical Review Letters 48 (June): 1636–39. https://doi.org/10.1103/
PhysRevLett.48.1636. 

Bondi, H., and T. Gold. 1948. “The Steady-State Theory of  the Expanding Universe.” Monthly 
Notices of  the Royal Astronomical Society 108: 252. https://doi.org/10.1093/mnras/
108.3.252. 

Bousso, Raphael, and Joseph Polchinski. 2000. “Quantization of  Four-Form Fluxes and Dynamical 
Neutralization of  the Cosmological Constant.” Journal of  High Energy Physics 06 (June): 006. 
https://doi.org/10.1088/1126-6708/2000/06/006. 

Boveia, Antonio, and Caterina Doglioni. 2018. “Dark Matter Searches at Colliders.” Annual Review of  
Nuclear and Particle Science 68 (October): 429–59. https://doi.org/10.1146/annurev-
nucl-101917-021008. 

Burbidge, E. Margaret, G. R. Burbidge, William A. Fowler, and F. Hoyle. 1957. “Synthesis of  the 
Elements in Stars.” Reviews of  Modern Physics 29: 547–650. https://doi.org/10.1103/
RevModPhys.29.547. 

Calder, Lucy, and Ofer Lahav. 2010. “Dark Energy: How the Paradigm Shifted.” Physics World 23 
(January): 32–37. https://doi.org/10.1088/2058-7058/23/01/33. 

Caldwell, Robert. 2004. “Dark Energy.” Physics World. May 29, 2004. https://physicsworld.com/a/
dark-energy/. 

Carr, B. J., and M. J. Rees. 1979. “The Anthropic Principle and the Structure of  the Physical World.” 
Nature 278 (April): 605–12. https://doi.org/10.1038/278605a0. 

Carroll, Sean M. and Jennifer Chen. 2004. “Spontaneous Inflation and the Origin of  the Arrow of  
Time.” ArXiv E-Prints hep-th (October): arXiv:hep-th/0410270. 

Carter, B. 1974. “Large Number Coincidences and the Anthropic Principle in Cosmology.” In 
Confrontation of  Cosmological Theories with Observational Data; Proceedings of  the 
Symposium, Krakow, Poland, September 10-12, 1973, 63:291–98. Doredrecht: D. Reidel 
Publishing Co. http://adsabs.harvard.edu/abs/1974IAUS...63..291C. 

 54



Catchpole, Robin, and Graham Dolan. 2020. “General Relativity and the 1919 Solar Eclipse.” 
G e n e r a l R e l a t i v i t y a n d t h e 1 9 1 9 S o l a r E c l i p s e . 2 0 2 0 . h t t p : / /
www.royalobservatorygreenwich.org/articles.php?article=1283. 

Cen, Renyue, Nickolay Y. Gnedin, and Jeremiah P. Ostriker. 1993. “A Hydrodynamic Treatment of  the 
Cold Dark Matter Cosmological Scenario with a Cosmological Constant.” The Astrophysical 
Journal 417 (November): 387. https://doi.org/10.1086/173320. 

Cen, Renyue, and Jeremiah P. Ostriker. 1994. “X-Ray Clusters in a Cold Dark Matter + Lambda 
Universe: A Direct, Large-Scale, High-Resolution, Hydrodynamic Simulation.” The 
Astrophysical Journal 429 (July): 4–21. https://doi.org/10.1086/174297. 

Chernin, Artur D. 1995. “George Gamow and the Big Bang.” Space Science Reviews 74 (November): 
447–54. https://doi.org/10.1007/BF00751431. 

Clowe, Douglas, Maruša Bradač, Anthony H. Gonzalez, Maxim Markevitch, Scott W. Randall, 
Christine Jones, and Dennis Zaritsky. 2006. “A Direct Empirical Proof  of  the Existence of  Dark 
Matter.” The Astrophysical Journal Letters 648 (September): L109–13. https://doi.org/
10.1086/508162. 

Cuceu, Andrei, James Farr, Pablo Lemos, and Andreu Font-Ribera. 2019. “Baryon Acoustic 
Oscillations and the Hubble Constant: Past, Present and Future.” Journal of  Cosmology and 
Astroparticle Physics 10 (October): 044. https://doi.org/10.1088/1475-7516/2019/10/044. 

Davies, P. C. W., and S. D. Unwin. 1981. “Why Is the Cosmological Constant so Small.” Proceedings 
of  the Royal Society of  London Series A 377 (June): 147–49. https://doi.org/10.1098/
rspa.1981.0119. 

Davis, M., G. Efstathiou, C. S. Frenk, and S. D. M. White. 1985. “The Evolution of  Large-Scale 
Structure in a Universe Dominated by Cold Dark Matter.” The Astrophysical Journal 292 
(May): 371–94. https://doi.org/10.1086/163168. 

Davis, M., J. Huchra, D. W. Latham, and J. Tonry. 1982. “A Survey of  Galaxy Redshifts. II - The Large 
Scale Space Distribution.” The Astrophysical Journal 253 (February): 423–45. https://doi.org/
10.1086/159646. 

Dawson, Kyle S., David J. Schlegel, Christopher P. Ahn, Scott F. Anderson, Éric Aubourg, Stephen 
Bailey, Robert H. Barkhouser, et al. 2013. “The Baryon Oscillation Spectroscopic Survey of  
SDSS-III.” The Astronomical Journal 145 (January) : 10. https://doi.org/
10.1088/0004-6256/145/1/10. 

Dayah, Michael. 2017. “Dynamic Periodic Table.” 2017. //www.ptable.com/. 
Daylan, Tansu, Douglas P. Finkbeiner, Dan Hooper, Tim Linden, Stephen K. N. Portillo, Nicholas L. 

Rodd, and Tracy R. Slatyer. 2016. “The Characterization of  the Gamma-Ray Signal from the 
Central Milky Way: A Case for Annihilating Dark Matter.” Physics of  the Dark Universe 12 
(June): 1–23. https://doi.org/10.1016/j.dark.2015.12.005. 

Dicke, R. H. 1946. “The Measurement of  Thermal Radiation at Microwave Frequencies.” Review of  
Scientific Instruments 17 (July): 268–75. https://doi.org/10.1063/1.1770483. 

———. 1961. “Dirac’s Cosmology and Mach’s Principle.” Nature 192 (November): 440–41. https://
doi.org/10.1038/192440a0. 

Dicke, R. H., P. J. E. Peebles, P. G. Roll, and D. T. Wilkinson. 1965. “Cosmic Black-Body Radiation.” 
The Astrophysical Journal 142 (July): 414–19. https://doi.org/10.1086/148306. 

Dirac, P. A. M. 1937. “The Cosmological Constants.” Nature 139 (February): 323. https://doi.org/
10.1038/139323a0. 

———. 1938. “A New Basis for Cosmology.” Proceedings of  the Royal Society of  London Series A 
165 (April): 199–208. https://doi.org/10.1098/rspa.1938.0053. 

Doroshkevich, A. G., Ya. B. Zel’dovich, R. A. Syunyaev, and M. Y. Khlopov. 1980. “Astrophysical 
Implications of  the Neutrino Rest Mass. II - The Density-Perturbation Spectrum and Small-
Scale Fluctuations in the Microwave Background. III - Nonlinear Growth of  Perturbations and 
the Missing Mass.” Pisma v Astronomicheskii Zhurnal 6 (August): 457–69. 

 55



Douglas, Michael R. 2003. “The Statistics of  String/M Theory Vacua.” Journal of  High Energy 
Physics 05 (May): 046. https://doi.org/10.1088/1126-6708/2003/05/046. 

Dunbar, D. N., R. E. Pixley, W. A. Wenzel, and W. Whaling. 1953. “The 7.68-Mev State in C12.” 
Physical Review 92 (November): 649–50. https://doi.org/10.1103/PhysRev.92.649. 

Dyson, Frank Watson, Arthur Stanley Eddington, and C. Davidson. 1920. “A Determination of  the 
Deflection of  Light by the Sun’s Gravitational Field, from Observations Made at the Total 
Eclipse of  May 29, 1919.” Philosophical Transactions of  the Royal Society of  London. Series 
A, Containing Papers of  a Mathematical or Physical Character 220 (571–581): 291–333. 
https://doi.org/10.1098/rsta.1920.0009. 

eBOSS Collaboration, Shadab Alam, Marie Aubert, Santiago Avila, Christophe Balland, Julian E. 
Bautista, Matthew A. Bershady, et al. 2020. “The Completed SDSS-IV Extended Baryon 
Oscillation Spectroscopic Survey: Cosmological Implications from Two Decades of  
Spectroscopic Surveys at the Apache Point Observatory.” ArXiv E-Prints 2007 (July): 
arXiv:2007.08991. 

Eddington, A. S. 1920. “The Internal Constitution of  the Stars.” The Observatory 43 (October): 341–
58. 

———. 1930. “On the Instability of  Einstein’s Spherical World.” Monthly Notices of  the Royal 
Astronomical Society 90 (May): 668–78. https://doi.org/10.1093/mnras/90.7.668. 

Eddington, Arthur S. 1931. “The End of  the World: From the Standpoint of  Mathematical Physics*.” 
Nature 127 (3203): 447–53. https://doi.org/10.1038/127447a0. 

Efstathiou, G. 2020. “A Lockdown Perspective on the Hubble Tension.” ArXiv E-Prints 2007 (July): 
arXiv:2007.10716. 

Efstathiou, G., and J. W. Eastwood. 1981. “On the Clustering of  Particles in an Expanding Universe.” 
Monthly Notices of  the Royal Astronomical Society 194 (February): 503–25. https://doi.org/
10.1093/mnras/194.3.503. 

Efstathiou, G., W. J. Sutherland, and S. J. Maddox. 1990. “The Cosmological Constant and Cold Dark 
Matter.” Nature 348 (December): 705–7. https://doi.org/10.1038/348705a0. 

Ehrenfest, P. 1918. “In That Way Does It Become Manifest in the Fundamental Laws of  Physics That 
Space Has Three Dimensions?” Koninklijke Nederlandse Akademie van Wetenschappen 
Proceedings Series B Physical Sciences 20: 200–209. 

Einasto, Jaan, Ants Kaasik, and Enn Saar. 1974. “Dynamic Evidence on Massive Coronas of  
Galaxies.” Nature 250 (July): 309–10. https://doi.org/10.1038/250309a0. 

Einstein, A. 1905. “Zur Elektrodynamik bewegter Körper.” Annalen der Physik 322 (10): 891–921. 
https://doi.org/10.1002/andp.19053221004. 

Einstein, Albert. 1905. “Ist Die Trägheit Eines Körpers von Seinem Energieinhalt Abhängig?” 
Annalen Der Physik 323 (13): 639–41. 

———. 1915a. “Erklärung Der Perihelbewegung Des Merkur Aus Der Allgemeinen 
Relativitätstheorie.” Sitzungsber. Preuss. Akad. Wiss. Berlin (Math. Phys. ) 47 (2): 831–39. 

———. 1915b. “Zur Allgemeinen Relativitätstheorie.” Sitzungsberichte Der Königlich Preußischen 
Akademie Der Wissenschaften (Berlin), 778–86. 

———. 1916. “Näherungsweise Integration Der Feldgleichungen Der Gravitation.” Sitzungsber. 
Preuss. Akad. Wiss. Berlin (Math. Phys. ), 1, , 688–96. 

———. 1917. “Kosmologische Betrachtungen Zur Allgemeinen Relativitätstheorie.” Sitzungsberichte 
Der Königlich Preußischen Akademie Der Wissenschaften (Berlin, January, 142–152. 

———. 1936. “Lens-Like Action of  a Star by the Deviation of  Light in the Gravitational Field.” 
Science 84 (December): 506–7. https://doi.org/10.1126/science.84.2188.506. 

Feeney, Stephen M., Matthew C. Johnson, Daniel J. Mortlock, and Hiranya V. Peiris. 2011. “First 
Observational Tests of  Eternal Inflation: Analysis Methods and WMAP 7-Year Results.” 
Physical Review D 84 (August): 043507. https://doi.org/10.1103/PhysRevD.84.043507. 

 56



Feng, Jonathan L. 2010. “Dark Matter Candidates from Particle Physics and Methods of  Detection.” 
Annual Review of  Astronomy and Astrophysics 48 (September): 495–545. https://doi.org/
10.1146/annurev-astro-082708-101659. 

Field, George B., G. H. Herbig, and John Hitchcock. 1966. “Radiation Temperature of  Space at Λ2.6 
Mm.” The Astronomical Journal 71 (February): 161–161. https://doi.org/10.1086/110071. 

Finzi, A. 1963. “On the Validity of  Newton’s Law at a Long Distance.” Monthly Notices of  the Royal 
Astronomical Society 127: 21. https://doi.org/10.1093/mnras/127.1.21. 

“Fred Hoyle: An Online Exhibition.” n.d. Accessed March 2, 2020. https://www.joh.cam.ac.uk/
library/special_collections/hoyle/exhibition/radio/. 

Freedman, Wendy L., Barry F. Madore, Dylan Hatt, Taylor J. Hoyt, In Sung Jang, Rachael L. Beaton, 
Christopher R. Burns, et al. 2019. “The Carnegie-Chicago Hubble Program. VIII. An 
Independent Determination of  the Hubble Constant Based on the Tip of  the Red Giant 
Branch.” The Astrophysical Journal 882 (September): 34. https://doi.org/
10.3847/1538-4357/ab2f73. 

Freedman, Wendy L., Barry F. Madore, Taylor Hoyt, In Sung Jang, Rachael Beaton, Myung Gyoon 
Lee, Andrew Monson, Jill Neeley, and Jeffrey Rich. 2020. “Calibration of  the Tip of  the Red 
Giant Branch.” The Astrophysical Journal 891 (March): 57. https://doi.org/
10.3847/1538-4357/ab7339. 

Freeman, K. C. 1970. “On the Disks of  Spiral and S0 Galaxies.” The Astrophysical Journal 160 (June): 
811. https://doi.org/10.1086/150474. 

Frenk, C. S., S. D. M. White, and M. Davis. 1983. “Nonlinear Evolution of  Large-Scale Structure in 
the Universe.” The Astrophysical Journal 271 (August): 417–30. https://doi.org/
10.1086/161209. 

Friedman, A. 1922. “On the Curvature of  Space.” Z.Phys. 10: 377–86. https://doi.org/10.1007/
BF01332580. 

Friedmann, A. 1924. “Über Die Möglichkeit Einer Welt Mit Konstanter Negativer Krümmung Des 
Raumes.” Zeitschrift Für Physik 21 (1): 326–332. 

———. 1999. “On the Possibility of  a World with Constant Negative Curvature of  Space.” Gen. 
Relat. Grav. 31 (12): 2001–2008. 

Fritzsch, H., M. Gell-Mann, and H. Leutwyler. 1973. “Advantages of  the Color Octet Gluon Picture.” 
Physics Letters B 47 (November): 365–68. https://doi.org/10.1016/0370-2693(73)90625-4. 

Gaitskell, Richard J. 2004. “Direct Detection of  Dark Matter.” Annual Review of  Nuclear and Particle 
Science 54 (1): 315–59. https://doi.org/10.1146/annurev.nucl.54.070103.181244. 

Galilei, Galileo. 1957. Discoveries and Opinions of  Galileo: Including The Starry Messenger (1610), 
Letter to the Grand Duchess Christina (1615), and Excerpts from Letters on Sunspots (1613), 
The Assayer (1623). Doubleday. 

Gamow, G. 1946. “Expanding Universe and the Origin of  Elements.” Physical Review 70 (October): 
572–73. https://doi.org/10.1103/PhysRev.70.572.2. 

———. 1948. “The Evolution of  the Universe.” Nature 162 (October): 680–82. https://doi.org/
10.1038/162680a0. 

Gershtein, S. S., and Ya. B. Zel’dovich. 1966. “Rest Mass of  Muonic Neutrino and Cosmology.” Soviet 
Journal of  Experimental and Theoretical Physics Letters 4 (September): 120–22. 

Gervais, J.-L., and B. Sakita. 1971. “Field Theory Interpretation of  Supergauges in Dual Models.” 
Nuclear Physics B 34 (November): 632–39. https://doi.org/10.1016/0550-3213(71)90351-8. 

Glashow, Sheldon L. 1961. “Partial-Symmetries of  Weak Interactions.” Nuclear Physics 22 (February): 
579–88. https://doi.org/10.1016/0029-5582(61)90469-2. 

Gnedin, Nickolay Y. 1996a. “Galaxy Formation in a CDM + Lambda Universe. I. Properties of  Gas 
and Galaxies.” The Astrophysical Journal 456 (January): 1. https://doi.org/10.1086/176623. 

———. 1996b. “Galaxy Formation in a CDM + Lambda Universe. II. Spatial Distribution of  Gas and 
Galaxies.” The Astrophysical Journal 456 (January): 34. https://doi.org/10.1086/176624. 

 57



Gol’Fand, Yu. A., and E. P. Likhtman. 1971. “Extension of  the Algebra of  Poincare Group Generators 
and Violation of  P Invariance.” Soviet Journal of  Experimental and Theoretical Physics Letters 
13 (April): 323. 

Gomes, H, Sean Gryb and Tim Koslowski. 2011. “Einstein Gravity as a 3D Conformally 	Invariant 	
	 Theory.” Classical and Quantum Gravity, 28 (January): 4. 
Goodenough, Lisa, and Dan Hooper. 2009. “Possible Evidence For Dark Matter Annihilation In The 

Inner Milky Way From The Fermi Gamma Ray Space Telescope.” ArXiv E-Prints 0910 
(October): arXiv:0910.2998. 

Gould, Andrew. 2000. “A Natural Formalism for Microlensing.” The Astrophysical Journal 542 
(October): 785–88. https://doi.org/10.1086/317037. 

Gross, David. 2005. “The Future of  Physics.” International Journal of  Modern Physics A 20: 5897–
5909. https://doi.org/10.1142/S0217751X05029095. 

Gross, David J. 2005. “Where Do We Stand in Fundamental (String) Theory.” Physica Scripta Volume 
T 117 (January): 102–5. https://doi.org/10.1238/Physica.Topical.117a00102. 

Gunn, J. E., B. W. Lee, I. Lerche, D. N. Schramm, and G. Steigman. 1978. “Some Astrophysical 
Consequences of  the Existence of  a Heavy Stable Neutral Lepton.” The Astrophysical Journal 
223 (August): 1015–31. https://doi.org/10.1086/156335. 

Guth, Alan H. 1981. “Inflationary Universe: A Possible Solution to the Horizon and Flatness 
Problems.” Physical Review D 23 (January): 347–56. https://doi.org/10.1103/
PhysRevD.23.347. 

———. 2007. “Eternal Inflation and Its Implications.” Journal of  Physics A Mathematical General 40 
(June): 6811–26. https://doi.org/10.1088/1751-8113/40/25/S25. 

———. 2015a. “Alan Guth – Session I.” AIP Oral Histories. February 20, 2015. https://www.aip.org/
history-programs/niels-bohr-library/oral-histories/34306-1. 

———. 2015b. “Alan Guth – Session II.” AIP Oral Histories. February 20, 2015. https://
www.aip.org/history-programs/niels-bohr-library/oral-histories/34306-2. 

Guth, Alan H., and S.-Y. Pi. 1982. “Fluctuations in the New Inflationary Universe.” Physical Review 
Letters 49 (October): 1110–13. https://doi.org/10.1103/PhysRevLett.49.1110. 

Guth, Alan H., and S.-H. H. Tye. 1980. “Phase Transitions and Magnetic Monopole Production in the 
Very Early Universe.” Physical Review Letters 44 (March): 631–35. https://doi.org/10.1103/
PhysRevLett.44.631. 

Hanany, S., P. Ade, A. Balbi, J. Bock, J. Borrill, A. Boscaleri, P. de Bernardis, et al. 2000. “MAXIMA-1: 
A Measurement of  the Cosmic Microwave Background Anisotropy on Angular Scales of  
10’-5°.” The Astrophysical Journal Letters 545 (December): L5–9. https://doi.org/
10.1086/317322. 

Harvey, David, Richard Massey, Thomas Kitching, Andy Taylor, and Eric Tittley. 2015. “The 
Nongravitational Interactions of  Dark Matter in Colliding Galaxy Clusters.” Science 347 
(March): 1462–65. https://doi.org/10.1126/science.1261381. 

Hawking, S. W. 1966. “The Occurrence of  Singularities in Cosmology.” Proceedings of  the Royal 
Society of  London Series A 294 (October): 511–21. https://doi.org/10.1098/rspa.1966.0221. 

———. 1982a. “The Cosmological Constant and the Weak Anthropic Principle,” 423. 
———. 1982b. “The Development of  Irregularities in a Single Bubble Inflationary Universe.” Physics 

Letters B 115 (September): 295–97. https://doi.org/10.1016/0370-2693(82)90373-2. 
Heilbron, John L. 2010. Galileo. Oxford: Oxford University Press. 
Herschel, William. 1785. “On the Construction of  the Heavens. By William Herschel, Esq. F. R. S.” 

Philosophical Transactions of  the Royal Society of  London 75: 213–66. 
Hertz, H. 1887a. “Ueber Einen Einfluss Des Ultravioletten Lichtes Auf  Die Electrische Entladung.” 

Annalen Der Physik 267 (8): 983–1000. https://doi.org/10.1002/andp.18872670827. 
———. 1887b. “Ueber Sehr Schnelle Electrische Schwingungen.” Annalen Der Physik 267 (7): 421–

48. https://doi.org/10.1002/andp.18872670707. 

 58



———. 1888a. “Ueber Die Ausbreitungsgeschwindigkeit Der Electrodynamischen Wirkungen.” 
Annalen Der Physik 270 (7): 551–69. https://doi.org/10.1002/andp.18882700708. 

———. 1888b. “Ueber Die Einwirkung Einer Geradlinigen Electrischen Schwingung Auf  Eine 
Benachbarte Strombahn.” Annalen Der Physik 270 (5): 155–70. https://doi.org/10.1002/
andp.18882700510. 

Hertzsprung, Ejnar. 1913. “Über Die Räumliche Verteilung Der Veränderlichen Vom δ Cephei-
Typus.” Astronomische Nachrichten 196 (November): 201. 

Hinshaw, G., J. L. Weiland, R. S. Hill, N. Odegard, D. Larson, C. L. Bennett, J. Dunkley, et al. 2009. 
“Five-Year Wilkinson Microwave Anisotropy Probe Observations: Data Processing, Sky Maps, 
and Basic Results.” The Astrophysical Journal Supplement Series 180 (February): 225–45. 
https://doi.org/10.1088/0067-0049/180/2/225. 

Hooper, Dan, and Edward A. Baltz. 2008. “Strategies for Determining the Nature of  Dark Matter.” 
Annual Review of  Nuclear and Particle Science 58 (November): 293–314. https://doi.org/
10.1146/annurev.nucl.58.110707.171217. 

Hoyle, F. 1946. “The Synthesis of  the Elements from Hydrogen.” Monthly Notices of  the Royal 
Astronomical Society 106: 343. https://doi.org/10.1093/mnras/106.5.343. 

———. 1948. “A New Model for the Expanding Universe.” Monthly Notices of  the Royal 
Astronomical Society 108: 372. https://doi.org/10.1093/mnras/108.5.372. 

———. 1954. “On Nuclear Reactions Occuring in Very Hot STARS.I. the Synthesis of  Elements 
from Carbon to Nickel.” The Astrophysical Journal Supplement Series 1 (September): 121. 
https://doi.org/10.1086/190005. 

Hoyle, F., William A. Fowler, G. R. Burbidge, and E. M. Burbidge. 1956. “Origin of  the Elements in 
Stars.” Science 124 (October): 611–14. https://doi.org/10.1126/science.124.3223.611. 

Hu, Wayne, Naoshi Sugiyama, and Joseph Silk. 1997. “The Physics of  Microwave Background 
Anisotropies.” Nature 386 (March): 37–43. https://doi.org/10.1038/386037a0. 

Hubble, E. P. 1925. “Cepheids in Spiral Nebulae.” The Observatory 48 (May): 139–42. 
Hubble, Edwin. 1929. “A Relation between Distance and Radial Velocity among Extra-Galactic 

Nebulae.” Proceedings of  the National Academy of  Science 15 (March): 168–73. https://
doi.org/10.1073/pnas.15.3.168. 

Hubble, Edwin, and Milton L. Humason. 1931. “The Velocity-Distance Relation among Extra-
Galactic Nebulae.” The Astrophysical Journal 74 (July): 43. https://doi.org/10.1086/143323. 

Ijjas, Anna, and Paul J. Steinhardt. 2016. “Implications of  Planck2015 for Inflationary, Ekpyrotic and 
Anamorphic Bouncing Cosmologies.” Classical and Quantum Gravity 33 (February): 044001. 
https://doi.org/10.1088/0264-9381/33/4/044001. 

Irwin, M. J., R. L. Webster, P. C. Hewett, R. T. Corrigan, and R. I. Jedrzejewski. 1989. “Photometric 
Variations in the Q2237 + 0305 System - First Detection of  a Microlensing Event.” The 
Astronomical Journal 98 (December): 1989–94. https://doi.org/10.1086/115272. 

Kachru, Shamit, Renata Kallosh, Andrei Linde, Juan Maldacena, Liam McAllister, and Sandip P. 
Trivedi. 2003. “Towards Inflation in String Theory.” Journal of  Cosmology and Astroparticle 
Physics 10 (October): 013. https://doi.org/10.1088/1475-7516/2003/10/013. 

Kaiser, Nick, and Gordon Squires. 1993. “Mapping the Dark Matter with Weak Gravitational 
Lensing.” The Astrophysical Journal 404 (February): 441–50. https://doi.org/10.1086/172297. 

Kirshner, Robert P. 1999. “Supernovae, an Accelerating Universe and the Cosmological Constant.” 
Proceedings of  the National Academy of  Science 96 (April): 4224–27. https://doi.org/
10.1073/pnas.96.8.4224. 

Kleban, Matthew. 2011. “Cosmic Bubble Collisions.” Classical and Quantum Gravity 28 (October): 
204008. https://doi.org/10.1088/0264-9381/28/20/204008. 

Knox, L., and M. Millea. 2020. “Hubble Constant Hunter’s Guide.” Physical Review D 101 
(February): 043533. https://doi.org/10.1103/PhysRevD.101.043533. 

 59



Komatsu, E., K. M. Smith, J. Dunkley, C. L. Bennett, B. Gold, G. Hinshaw, N. Jarosik, et al. 2011. 
“Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Cosmological 
Interpretation.” The Astrophysical Journal Supplement Series 192 (February): 18. https://
doi.org/10.1088/0067-0049/192/2/18. 

Kozaczuk, Jonathan, and Tongyan Lin. 2020. “Plasmon Production from Dark Matter Scattering.” 
Physical Review D 101 (June): 123012. https://doi.org/10.1103/PhysRevD.101.123012. 

Kragh, H. 2008. “The Origin and Earliest Reception of  Big-Bang Cosmology.” Publications de 
l’Observatoire Astronomique de Beograd 85 (October): 7–16. 

Kragh, Helge. 1996. Cosmology and Controversy. Princeton, NJ: Princeton University Press. 
———. 2001. “Nuclear Archaeology and the Early Phase of  Physical Cosmology” 252: 157. 
———. 2012. “Quasi-Steady-State and Related Cosmological Models: A Historical Review.” 

ArXiv:1201.3449 [Astro-Ph, Physics:Physics], January. http://arxiv.org/abs/1201.3449. 
Krauss, L. M., K. Freese, D. N. Spergel, and W. H. Press. 1985. “Cold Dark Matter Candidates and the 

Solar Neutrino Problem.” The Astrophysical Journal 299 (December): 1001–6. https://doi.org/
10.1086/163767. 

Kuhn, Thomas S. 1957. The Copernican Revolution: Planetary Astronomy in the Development of  
Western Thought. Harvard University Press. 

Kurinsky, Noah, Daniel Baxter, Yonatan Kahn, and Gordan Krnjaic. 2020. “A Dark Matter 
Interpretation of  Excesses in Multiple Direct Detection Experiments.” ArXiv E-Prints 2002 
(February): arXiv:2002.06937. 

Larson, D., J. Dunkley, G. Hinshaw, E. Komatsu, M. R. Nolta, C. L. Bennett, B. Gold, et al. 2011. 
“Seven-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Power Spectra 
and WMAP-Derived Parameters.” The Astrophysical Journal Supplement Series 192 
(February): 16. https://doi.org/10.1088/0067-0049/192/2/16. 

Lasserre, T., C. Afonso, J. N. Albert, J. Andersen, R. Ansari, É. Aubourg, P. Bareyre, et al. 2000. “Not 
Enough Stellar Mass Machos in the Galactic Halo.” Astronomy and Astrophysics 355 (March): 
L39–42. 

Leavitt, Henrietta S. 1908. “1777 Variables in the Magellanic Clouds.” Annals of  Harvard College 
Observatory 60: 87-108.3. 

Leavitt, Henrietta S., and Edward C. Pickering. 1912. “Periods of  25 Variable Stars in the Small 
Magellanic Cloud.” Harvard College Observatory Circular 173 (March): 1–3. 

Lee, Benjamin W., and Steven Weinberg. 1977. “Cosmological Lower Bound on Heavy-Neutrino 
Masses.” Physical Review Letters 39 (July): 165–68. https://doi.org/10.1103/
PhysRevLett.39.165. 

Leeming, David Adams. 2010. Creation Myths of  the World: An Encyclopedia. ABC-CLIO. 
Leeming, David Adams, and Margaret Adams Leeming. 1996. A Dictionary of  Creation Myths 

(Oxford Reference S). 1 edition. Oxford University Press. 
Lemaître, Abbé G. 1931. “Contributions to a British Association Discussion on the Evolution of  the 

Universe.” Nature 128 (3234): 704–6. https://doi.org/10.1038/128704a0. 
Lemaître, G. 1927. “Un Univers Homogène de Masse Constante et de Rayon Croissant Rendant 

Compte de La Vitesse Radiale Des Nébuleuses Extra-Galactiques.” Annales de La Société 
Scientifique de Bruxelles 47 (January): 49–59. 

Lemaître, G. 1931. “The Beginning of  the World from the Point of  View of  Quantum Theory.” 
Nature 127 (May): 706. https://doi.org/10.1038/127706b0. 

Lemaître, Georges. 1927. “A Homogeneous Universe of  Constant Mass and Growing Radius 
Accounting for the Radial Velocity of  Extragalactic Nebulae.” Annales Soc.Sci.Bruxelles A 47 
(8): 49–59. https://doi.org/10.1007/s10714-013-1548-3. 

Leonard, Scott A, and Michael McClure. 2004. Myth and Knowing: An Introduction to World 
Mythology. McGraw-Hill. 

 60



Linde, A. D. 1974. “Is the Cosmological Constant Really Constant?” Pisma v Zhurnal 
Eksperimentalnoi i Teoreticheskoi Fiziki 19: 320–22. 

———. 1982a. “A New Inflationary Universe Scenario: A Possible Solution of  the Horizon, Flatness, 
Homogeneity, Isotropy and Primordial Monopole Problems.” Physics Letters B 108 (February): 
389–93. https://doi.org/10.1016/0370-2693(82)91219-9. 

———. 1982b. “Nonsingular Regenerating Inflationary Universe.” https://web.stanford.edu/
~alinde/1982.pdf. 

———. 1983a. “The New Inflationary Universe Scenario.” In The Very Early Universe, 205–49. 
Cambridge: Cambridge University Press. http://adsabs.harvard.edu/abs/1983veu..conf..205L. 

———. 1983b. “Chaotic Inflation.” Physics Letters B 129 (September): 177–81. https://doi.org/
10.1016/0370-2693(83)90837-7. 

———. 1986. “Eternally Existing Self-Reproducing Chaotic Inflanationary Universe.” Physics Letters 
B 175 (August): 395–400. https://doi.org/10.1016/0370-2693(86)90611-8. 

———. 1994. “The Self-Reproducing Inflationary Universe.” Scientific American 271 (November): 
48–55. https://doi.org/10.1038/scientificamerican1194-48. 

———. 2017. “A Brief  History of  the Multiverse.” Reports on Progress in Physics 80 (February): 
022001. https://doi.org/10.1088/1361-6633/aa50e4. 

Luminet, Jean-Pierre. 2011. “Editorial Note to ‘The Beginning of  the World from the Point of  View of  
Quantum Theory.’” General Relativity and Gravitation 43 (10): 2911–28. https://doi.org/
10.1007/s10714-011-1213-7. 

MacTavish, C. J., P. A. R. Ade, J. J. Bock, J. R. Bond, J. Borrill, A. Boscaleri, P. Cabella, et al. 2006. 
“Cosmological Parameters from the 2003 Flight of  BOOMERANG.” The Astrophysical 
Journal 647 (August): 799–812. https://doi.org/10.1086/505558. 

Maddox, S. J., W. J. Sutherland, G. Efstathiou, and J. Loveday. 1990. “The APM Galaxy Survey. I - 
APM Measurements and Star-Galaxy Separation.” Monthly Notices of  the Royal Astronomical 
Society 243 (April): 692–712. 

Magueijo, João. 2003. “New Varying Speed of  Light Theories.” Reports on Progress in Physics 66 
(November): 2025–68. https://doi.org/10.1088/0034-4885/66/11/R04. 

———. 2009. “Bimetric Varying Speed of  Light Theories and Primordial Fluctuations.” Physical 
Review D 79 (February): 043525. https://doi.org/10.1103/PhysRevD.79.043525. 

Magueijo, João, and Lee Smolin. 2004. “Gravity’s Rainbow.” Classical and Quantum Gravity 21 
(April): 1725–36. https://doi.org/10.1088/0264-9381/21/7/001. 

Mahon, Basil. 2004. The Man Who Changed Everything: The Life of  James Clerk Maxwell. John 
Wiley & Sons. 

Markevitch, M., A. H. Gonzalez, D. Clowe, A. Vikhlinin, W. Forman, C. Jones, S. Murray, and W. 
Tucker. 2004. “Direct Constraints on the Dark Matter Self-Interaction Cross Section from the 
Merging Galaxy Cluster 1E 0657-56.” The Astrophysical Journal 606 (May): 819–24. https://
doi.org/10.1086/383178. 

Martel, Hugo. 1991. “N-Body Simulation of  Large-Scale Structures in Lambda Not = 0 Friedmann 
Models.” The Astrophysical Journal 366 (January): 353–83. https://doi.org/10.1086/169570. 

Massey, Richard, Thomas Kitching, and Johan Richard. 2010. “The Dark Matter of  Gravitational 
Lensing.” Reports on Progress in Physics 73 (August): 086901. https://doi.org/
10.1088/0034-4885/73/8/086901. 

Mather, J. C., E. S. Cheng, R. E. Eplee Jr., R. B. Isaacman, S. S. Meyer, R. A. Shafer, R. Weiss, et al. 
1990. “A Preliminary Measurement of  the Cosmic Microwave Background Spectrum by the 
Cosmic Background Explorer (COBE) Satellite.” The Astrophysical Journal Letters 354 (May): 
L37–40. https://doi.org/10.1086/185717. 

Maxwell, James Clerk. 1861. “On Physical Lines of  Force.” Philos. Mag. 21 & 23 Series 4. https://
en.wikisource.org/wiki/On_Physical_Lines_of_Force. 

 61



———. 1865. “A Dynamical Theory of  the Electromagnetic Field.” Philosophical Transactions of  the 
Royal Society of  London 155 (January): 459–512. 

Meekins, John F., Gilbert Fritz, Talbot A. Chubb, and H. Friedman. 1971. “Physical Sciences: X-Rays 
from the Coma Cluster of  Galaxies.” Nature 231 (May): 107–8. https://doi.org/
10.1038/231107a0. 

Mellier, Yannick. 1999. “Probing the Universe with Weak Lensing.” Annual Review of  Astronomy and 
Astrophysics 37: 127–89. https://doi.org/10.1146/annurev.astro.37.1.127. 

Milgrom, M. 1983a. “A Modification of  the Newtonian Dynamics - Implications for Galaxies.” The 
Astrophysical Journal 270 (July): 371–83. https://doi.org/10.1086/161131. 

———. 1983b. “A Modification of  the Newtonian Dynamics - Implications for Galaxy Systems.” The 
Astrophysical Journal 270 (July): 384. https://doi.org/10.1086/161132. 

———. 1983c. “A Modification of  the Newtonian Dynamics as a Possible Alternative to the Hidden 
Mass Hypothesis.” The Astrophysical Journal 270 (July): 365–70. https://doi.org/
10.1086/161130. 

Miller, A. D., R. Caldwell, M. J. Devlin, W. B. Dorwart, T. Herbig, M. R. Nolta, L. A. Page, J. Puchalla, 
E. Torbet, and H. T. Tran. 1999. “A Measurement of  the Angular Power Spectrum of  the 
Cosmic Microwave Background from L = 100 to 400.” The Astrophysical Journal Letters 524 
(October): L1–4. https://doi.org/10.1086/312293. 

Misner, Charles W. 1968. “The Isotropy of  the Universe.” The Astrophysical Journal 151 (February): 
431. https://doi.org/10.1086/149448. 

Mitton, Simon. 2016. “Georges Lemaître: Life, Science and Legacy.” ArXiv E-Prints 1612 (December): 
arXiv:1612.03003. 

Moffat, J. W. 1993a. “Superluminary Universe:. A Possible Solution to the Initial Value Problem in 
Cosmology.” International Journal of  Modern Physics D 2: 351–65. https://doi.org/10.1142/
S0218271893000246. 

———. 1993b. “Quantum Gravity, the Origin of  Time and Time’s Arrow.” Foundations of  Physics 23 
(March): 411–37. https://doi.org/10.1007/BF01883721. 

Mukhanov, V. F., and G. V. Chibisov. 1981. “Quantum Fluctuations and a Nonsingular Universe.” 
Soviet Journal of  Experimental and Theoretical Physics Letters 33 (May): 532. 

———. 1982. “Energy of  Vacuum and the Large-Scale Structure of  the Universe.” Zhurnal 
Eksperimentalnoi i Teoreticheskoi Fiziki 83 (August): 475–87. 

Nussbaumer, H. 2013. “Slipher’s Redshifts as Support for de Sitter’s Model and the Discovery of  the 
Dynamic Universe.” In Origins of  the Expanding Universe: 1912-1932, 471:25. ASP 
Conference Proceedings. San Francisco: Astronomical Society of  the Pacific. http://
adsabs.harvard.edu/abs/2013ASPC..471...25N. 

O’Raifeartaigh, C. 2013. “The Contribution of  V. M. Slipher to the Discovery of  the Expanding 
Universe.” In Origins of  the Expanding Universe: 1912-1932, 471:49. ASP Conference 
Proceedings. San Francisco: Astronomical Society of  the Pacific. http://adsabs.harvard.edu/
abs/2013ASPC..471...49O. 

Osterbrock, D. E., and J. B. Rogerson Jr. 1961. “The Helium and Heavy-Element Content of  Gaseous-
Nebulae and the Sun.” Publications of  the Astronomical Society of  the Pacific 73 (April): 129. 
https://doi.org/10.1086/127637. 

Ostriker, J. P., P. J. E. Peebles, and A. Yahil. 1974. “The Size and Mass of  Galaxies, and the Mass of  the 
Universe.” The Astrophysical Journal Letters 193 (October): L1–4. https://doi.org/
10.1086/181617. 

Ostriker, J. P., and Paul J. Steinhardt. 1995. “The Observational Case for a Low-Density Universe with 
a Non-Zero Cosmological Constant.” Nature 377 (October): 600–602. https://doi.org/
10.1038/377600a0. 

 62



Payne, Cecilia H. 1925. “Astrophysical Data Bearing on the Relative Abundance of  the Elements.” 
Proceedings of  the National Academy of  Science 11 (March): 192–98. https://doi.org/
10.1073/pnas.11.3.192. 

Payne, Cecilia Helena. 1925. “Stellar Atmospheres; a Contribution to the Observational Study of  High 
Temperature in the Reversing Layers of  Stars.” http://adsabs.harvard.edu/abs/
1925PhDT.........1P. 

Peccei, R. D., and Helen R. Quinn. 1977a. “CP Conservation in the Presence of  Pseudoparticles.” 
Physical Review Letters 38 (June): 1440–43. https://doi.org/10.1103/PhysRevLett.38.1440. 

———. 1977b. “Constraints Imposed by CP Conservation in the Presence of  Pseudoparticles.” 
Physical Review D 16 (September): 1791–97. https://doi.org/10.1103/PhysRevD.16.1791. 

Peebles, P. J. E. 1982. “Large-Scale Background Temperature and Mass Fluctuations Due to Scale-
Invariant Primeval Perturbations.” The Astrophysical Journal Letters 263 (December): L1–5. 
https://doi.org/10.1086/183911. 

———. 1984. “Dark Matter and the Origin of  Galaxies and Globular Star Clusters.” The 
Astrophysical Journal 277 (February): 470–77. https://doi.org/10.1086/161714. 

———. 2014. “Discovery of  the Hot Big Bang: What Happened in 1948.” European Physical Journal 
H 39 (April): 205–23. https://doi.org/10.1140/epjh/e2014-50002-y. 

Peebles, P. J. E., Lyman A. Page Jr., and R. Bruce Partridge, eds. 2009. Finding the Big Bang. 
Cambridge University Press. http://adsabs.harvard.edu/abs/2009fbb..book.....P. 

Peebles, P. J. E., and J. T. Yu. 1970. “Primeval Adiabatic Perturbation in an Expanding Universe.” The 
Astrophysical Journal 162 (December): 815. https://doi.org/10.1086/150713. 

Penrose, Roger. 1965. “Gravitational Collapse and Space-Time Singularities.” Physical Review Letters 
14 (January): 57–59. https://doi.org/10.1103/PhysRevLett.14.57. 

Penzias, A. A. 1961. “Free Hydrogen in the Pegasus I Cluster of  Galaxies.” The Astronomical Journal 
66 (March): 293. https://doi.org/10.1086/108555. 

Penzias, A. A., and R. W. Wilson. 1965. “A Measurement of  Excess Antenna Temperature at 4080 
Mc/s.” The Astrophysical Journal 142 (July): 419–21. https://doi.org/10.1086/148307. 

Percival, Will J., Carlton M. Baugh, Joss Bland-Hawthorn, Terry Bridges, Russell Cannon, Shaun Cole, 
Matthew Colless, et al. 2001. “The 2dF Galaxy Redshift Survey: The Power Spectrum and the 
Matter Content of  the Universe.” Monthly Notices of  the Royal Astronomical Society 327 
(November): 1297–1306. https://doi.org/10.1046/j.1365-8711.2001.04827.x. 

Percival, Will J., Will Sutherland, John A. Peacock, Carlton M. Baugh, Joss Bland-Hawthorn, Terry 
Bridges, Russell Cannon, et al. 2002. “Parameter Constraints for Flat Cosmologies from 
Cosmic Microwave Background and 2dFGRS Power Spectra.” Monthly Notices of  the Royal 
Astronomical Society 337 (December) : 1068–80. https ://doi .org/10.1046/
j.1365-8711.2002.06001.x. 

Perlmutter, S., G. Aldering, G. Goldhaber, R. A. Knop, P. Nugent, P. G. Castro, S. Deustua, et al. 1999. 
“Measurements of  Ω and Λ from 42 High-Redshift Supernovae.” The Astrophysical Journal 
517 (June): 565–86. https://doi.org/10.1086/307221. 

Pesce, D. W., J. A. Braatz, M. J. Reid, A. G. Riess, D. Scolnic, J. J. Condon, F. Gao, et al. 2020. “The 
Megamaser Cosmology Project. XIII. Combined Hubble Constant Constraints.” The 
Astrophysical Journal Letters 891 (March): L1. https://doi.org/10.3847/2041-8213/ab75f0. 

Planck Collaboration, P. A. R. Ade, N. Aghanim, C. Armitage-Caplan, M. Arnaud, M. Ashdown, F. 
Atrio-Barandela, et al. 2014a. “Planck 2013 Results. XVI. Cosmological Parameters.” 
A s t r o n o m y a n d A s t r o p hy s i c s 5 7 1 ( N ov e m b e r ) : A 1 6 . h t t p s : / / d o i . o r g /
10.1051/0004-6361/201321591. 

———. 2014b. “Planck 2013 Results. XXIV. Constraints on Primordial Non-Gaussianity.” Astronomy 
and Astrophysics 571 (November): A24. https://doi.org/10.1051/0004-6361/201321554. 

 63



Planck Collaboration, N. Aghanim, Y. Akrami, M. Ashdown, J. Aumont, C. Baccigalupi, M. Ballardini, 
et al. 2018. “Planck 2018 Results. VI. Cosmological Parameters.” ArXiv E-Prints 1807 (July): 
arXiv:1807.06209. 

Playfair, John. 1805. “Hutton’s Unconformity.” Transactions of  the Royal Society of  Edinburgh V (III). 
Polchinski, Joseph. 2005. “String Theory.” String Theory, by Joseph Polchinski, Pp. 552. ISBN 

0521672287. Cambridge, UK: Cambridge University Press, July 2005., June. http://
adsabs.harvard.edu/abs/2005stth.book.....P. 

Porter, Troy A., Robert P. Johnson, and Peter W. Graham. 2011. “Dark Matter Searches with 
Astroparticle Data.” Annual Review of  Astronomy and Astrophysics 49 (1): 155–94. https://
doi.org/10.1146/annurev-astro-081710-102528. 

Preskill, John P. 1979. “Cosmological Production of  Superheavy Magnetic Monopoles.” Physical 
Review Letters 43 (November): 1365–68. https://doi.org/10.1103/PhysRevLett.43.1365. 

Riess, Adam G. 2019. “The Expansion of  the Universe Is Faster than Expected.” Nature Reviews 
Physics 2 (December): 10–12. https://doi.org/10.1038/s42254-019-0137-0. 

Riess, Adam G., Stefano Casertano, Wenlong Yuan, Lucas M. Macri, and Dan Scolnic. 2019. “Large 
Magellanic Cloud Cepheid Standards Provide a 1% Foundation for the Determination of  the 
Hubble Constant and Stronger Evidence for Physics beyond ΛCDM.” The Astrophysical 
Journal 876 (May): 85. https://doi.org/10.3847/1538-4357/ab1422. 

Riess, Adam G., Alexei V. Filippenko, Peter Challis, Alejandro Clocchiatti, Alan Diercks, Peter M. 
Garnavich, Ron L. Gilliland, et al. 1998. “Observational Evidence from Supernovae for an 
Accelerating Universe and a Cosmological Constant.” The Astronomical Journal 116 
(September): 1009–38. https://doi.org/10.1086/300499. 

Riess, Adam G., Lucas Macri, Stefano Casertano, Hubert Lampeitl, Henry C. Ferguson, Alexei V. 
Filippenko, Saurabh W. Jha, Weidong Li, and Ryan Chornock. 2011. “A 3% Solution: 
Determination of  the Hubble Constant with the Hubble Space Telescope and Wide Field 
Camera 3.” The Astrophysical Journal 730 (April): 119. https://doi.org/10.1088/0004-637X/
730/2/119. 

Rindler, W. 1956. “Visual Horizons in World Models.” Monthly Notices of  the Royal Astronomical 
Society 116: 662. https://doi.org/10.1093/mnras/116.6.662. 

Roberts, M. S. 1975. “The Rotation Curve of  Galaxies” 69: 331. 
Roberts, M. S., and A. H. Rots. 1973. “Comparison of  Rotation Curves of  Different Galaxy Types.” 

Astronomy and Astrophysics 26 (August): 483–85. 
Rogstad, D. H., and G. S. Shostak. 1972. “Gross Properties of  Five Scd Galaxies as Determined from 

21-CENTIMETER Observations.” The Astrophysical Journal 176 (September): 315. https://
doi.org/10.1086/151636. 

Roll, P. G., and David T. Wilkinson. 1966. “Cosmic Background Radiation at 3.2 Cm-Support for 
Cosmic Black-Body Radiation.” Physical Review Letters 16 (March): 405–7. https://doi.org/
10.1103/PhysRevLett.16.405. 

Rosental, I. L. 1980. “On Numerical Values of  Fundamental Constants.” NASA. http://
adsabs.harvard.edu/abs/1980STIN...8125885R. 

Rovelli, Carlo, and Lee Smolin. 1988. “Knot Theory and Quantum Gravity.” Physical Review Letters 
61 (September): 1155–58. https://doi.org/10.1103/PhysRevLett.61.1155. 

———. 1990. “Loop Space Representation of  Quantum General Relativity.” Nuclear Physics B 331 
(February): 80–152. https://doi.org/10.1016/0550-3213(90)90019-A. 

———. 1995a. “Discreteness of  Area and Volume in Quantum Gravity.” Nuclear Physics B 442 
(February): 593–619. https://doi.org/10.1016/0550-3213(95)00150-Q. 

———. 1995b. “Spin Networks and Quantum Gravity.” Physical Review D 52 (November): 5743–59. 
https://doi.org/10.1103/PhysRevD.52.5743. 

 64



Rubin, Vera C., and W. Kent Ford Jr. 1970. “Rotation of  the Andromeda Nebula from a Spectroscopic 
Survey of  Emission Regions.” The Astrophysical Journal 159 (February): 379. https://doi.org/
10.1086/150317. 

Ryle, M., and P. A. G. Scheuer. 1955. “The Spatial Distribution and the Nature of  Radio Stars.” 
Proceedings of  the Royal Society of  London Series A 230 (July): 448–62. https://doi.org/
10.1098/rspa.1955.0146. 

Sakharov, A. D. 1966. “The Initial Stage of  an Expanding Universe and the Appearance of  a 
Nonuniform Distribution of  Matter.” Soviet Journal of  Experimental and Theoretical Physics 
22 (January): 241. 

Salam, Abdus. 1968. “Weak and Electromagnetic Interactions.” In Elementary Particle Theory. 
Relativistic Groups and Analyticity. Proceedings of  the Eighth Nobel Symposium Held May 
19-25, 1968 at Aspenäsgarden, Lerum, in the County of  Älvsborg, Sweden Edited by Nils 
Svartholm. Nobel Symposium (8th : 1968 : Lerum, Sweden) Published Stockholm, Almqvist & 
Wiksell; New York, London [Etc.] John Wiley, 1968, p. 367-377 From: MTPR Address: 
Edi tor@mtpr.Pub Database: Phy, 367–77. ht tp://adsabs.harvard.edu/abs/
1968ept..book..367S. 

Salpeter, E. E. 1952. “Nuclear Reactions in Stars Without Hydrogen.” The Astrophysical Journal 115 
(March): 326–28. https://doi.org/10.1086/145546. 

SDSS. 2020. “No Need to Mind the Gap: Astrophysicists Fill in 11 Billion Years of  Our Universe’s 
Expansion History | SDSS | Press Releases.” July 19, 2020. https://www.sdss.org/press-
releases/no-need-to-mind-the-gap/. 

Shajib, A. J., S. Birrer, T. Treu, A. Agnello, E. J. Buckley-Geer, J. H. H. Chan, L. Christensen, et al. 
2020. “STRIDES: A 3.9 per Cent Measurement of  the Hubble Constant from the Strong Lens 
System DES J0408-5354.” Monthly Notices of  the Royal Astronomical Society 494 (March): 
6072–6102. https://doi.org/10.1093/mnras/staa828. 

Shapley, H. 1918a. “Globular Clusters and the Structure of  the Galactic System.” Publications of  the 
Astronomical Society of  the Pacific 30 (February): 42. https://doi.org/10.1086/122686. 

———. 1918b. “Studies Based on the Colors and Magnitudes in Stellar Clusters. VII. The Distances, 
Distribution in Space, and Dimensions of  69 Globular Clusters.” The Astrophysical Journal 48 
(October). https://doi.org/10.1086/142423. 

Siegel, Ethan. 2017. “How Big Was The Universe At The Moment Of  Its Creation?” Forbes. March 
24, 2017. https://www.forbes.com/sites/startswithabang/2017/03/24/how-big-was-the-
universe-at-the-moment-of-its-creation/. 

Silk, J., and M. Srednicki. 1984. “Cosmic-Ray Antiprotons as a Probe of  a Photino-Dominated 
Universe.” Physical Review Letters 53 (August): 624–27. https://doi.org/10.1103/
PhysRevLett.53.624. 

Slipher, V. M. 1913. “The Radial Velocity of  the Andromeda Nebula.” Lowell Observatory Bulletin 2: 
56–57. 

———. 1917. “Nebulae.” Proceedings of  the American Philosophical Society 56: 403–9. 
Smoot, G. F., C. L. Bennett, A. Kogut, E. L. Wright, J. Aymon, N. W. Boggess, E. S. Cheng, et al. 1992. 

“Structure in the COBE Differential Microwave Radiometer First-Year Maps.” The 
Astrophysical Journal Letters 396 (September): L1–5. https://doi.org/10.1086/186504. 

Spergel, D. N., R. Bean, O. Doré, M. R. Nolta, C. L. Bennett, J. Dunkley, G. Hinshaw, et al. 2007. 
“Three-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: Implications for 
Cosmology.” The Astrophysical Journal Supplement Series 170 (June): 377–408. https://
doi.org/10.1086/513700. 

Spergel, D. N., L. Verde, H. V. Peiris, E. Komatsu, M. R. Nolta, C. L. Bennett, M. Halpern, et al. 
2003. “First-Year Wilkinson Microwave Anisotropy Probe (WMAP) Observations: 
Determination of  Cosmological Parameters.” The Astrophysical Journal Supplement Series 
148 (September): 175–94. https://doi.org/10.1086/377226. 

 65



Starobinskiǐ, A. A. 1979. “Spectrum of  Relict Gravitational Radiation and the Early State of  the 
Universe.” Soviet Journal of  Experimental and Theoretical Physics Letters 30 (December): 682. 

Starobinsky, A. A. 1982. “Dynamics of  Phase Transition in the New Inflationary Universe Scenario 
and Generation of  Perturbations.” Physics Letters B 117 (November): 175–78. https://doi.org/
10.1016/0370-2693(82)90541-X. 

Stecker, F. W. 1978. “The Cosmic Gamma-Ray Background from the Annihilation of  Primordial 
Stable Neutral Heavy Leptons.” The Astrophysical Journal 223 (August): 1032–36. https://
doi.org/10.1086/156336. 

Steigman, Gary, and Michael S. Turner. 1985. “Cosmological Constraints on the Properties of  Weakly 
Interacting Massive Particles.” Nuclear Physics B 253: 375–86. https://doi.org/
10.1016/0550-3213(85)90537-1. 

Steinhardt, P. J. 1983. “Natural Inflation.” In The Very Early Universe, 251–66. Cambridge: 
Cambridge University Press. http://adsabs.harvard.edu/abs/1983veu..conf..251S. 

Steinhardt, P. J., and R. R. Caldwell. 1998. “Introduction to Quintessence” 151: 13. 
Steinhardt, Paul J. 2011. “The Inflation Debate.” Scientific American 304 (April): 36–43. https://

doi.org/10.1038/scientificamerican0411-36. 
Steinhardt, Paul J., and Neil Turok. 2005. “The Cyclic Model Simplified.” NewAR 49 (May): 43–57. 

https://doi.org/10.1016/j.newar.2005.01.003. 
Suginohara, Tatsushi, and Yasushi Suto. 1992. “Properties of  Galactic Halos in Spatially Flat 

Universes Dominated by Cold Dark Matter - Effects of  Nonvanishing Cosmological Constant.” 
The Astrophysical Journal 396 (September): 395–410. https://doi.org/10.1086/171727. 

Sunyaev, R. A., and Ya. B. Zel’dovich. 1970. “Small-Scale Fluctuations of  Relic Radiation.” 
Astrophysics and Space Science 7 (April): 3–19. https://doi.org/10.1007/BF00653471. 

Susskind, Leonard. 2003. “The Anthropic Landscape of  String Theory,” March, 26. 
———. 2005. The Cosmic Landscape: String Theory and the Illusion of  Intelligent Design. 1st 

edition. New York: Little, Brown and Company. 
Szalay, A. S., and G. Marx. 1976. “Neutrino Rest Mass from Cosmology.” Astronomy and Astrophysics 

49 (June): 437–41. 
Tegmark, Max. 1997. “How to Measure CMB Power Spectra without Losing Information.” Physical 

Review D 55 (May): 5895–5907. https://doi.org/10.1103/PhysRevD.55.5895. 
Thaddeus, Patrick, and John F. Clauser. 1966. “Cosmic Microwave Radiation at 2.63 Mm from 

Observations of  Interstellar CN.” Physical Review Letters 16 (May): 819–22. https://doi.org/
10.1103/PhysRevLett.16.819. 

Tisserand, P., L. Le Guillou, C. Afonso, J. N. Albert, J. Andersen, R. Ansari, É. Aubourg, et al. 2007. 
“Limits on the Macho Content of  the Galactic Halo from the EROS-2 Survey of  the 
Magellanic Clouds.” Astronomy and Astrophysics 469 (July): 387–404. https://doi.org/
10.1051/0004-6361:20066017. 

Trickle, Tanner, Zhengkang Zhang, and Kathryn M. Zurek. 2020. “Detecting Light Dark Matter with 
Magnons.” Physical Review Letters 124 (May): 201801. https://doi.org/10.1103/
PhysRevLett.124.201801. 

Tucker, W., P. Blanco, S. Rappoport, L. David, D. Fabricant, E. E. Falco, W. Forman, A. Dressler, and 
M. Ramella. 1998. “1E 0657-56: A Contender for the Hottest Known Cluster of  Galaxies.” 
The Astrophysical Journal Letters 496 (March): L5–8. https://doi.org/10.1086/311234. 

Turner, Michael S. 1999. “Dark Matter and Dark Energy in the Universe” 165: 431. 
Tyson, J. A., F. Valdes, and R. A. Wenk. 1990. “Detection of  Systematic Gravitational Lens Galaxy 

Image Alignments - Mapping Dark Matter in Galaxy Clusters.” The Astrophysical Journal 
Letters 349 (January): L1–4. https://doi.org/10.1086/185636. 

Verde, Licia, Tommaso Treu, and Adam G. Riess. 2019. “Tensions between the Early and Late 
Universe.” Nature Astronomy 3 (10): 891–95. https://doi.org/10.1038/s41550-019-0902-0. 

 66



Vilenkin, Alexander. 1983. “Birth of  Inflationary Universes.” Physical Review D 27 (June): 2848–55. 
https://doi.org/10.1103/PhysRevD.27.2848. 

Webb, Stephen. 1999. Measuring the Universe: The Cosmological Distance Ladder. 1999 edition. 
London ; New York : Chichester, UK: Springer. 

Weinberg, Steven. 1967. “A Model of  Leptons.” Physical Review Letters 19 (November): 1264–66. 
https://doi.org/10.1103/PhysRevLett.19.1264. 

———. 1972. “Gravitation and Cosmology: Principles and Applications of  the General Theory of  
Relativity.” Gravitation and Cosmology: Principles and Applications of  the General Theory of  
Relativity, by Steven Weinberg, Pp. 688. ISBN 0-471-92567-5. Wiley-VCH , July 1972., July. 
http://adsabs.harvard.edu/abs/1972gcpa.book.....W. 

———. 1978. “A New Light Boson?” Physical Review Letters 40 (January): 223–26. https://doi.org/
10.1103/PhysRevLett.40.223. 

———. 1987. “Anthropic Bound on the Cosmological Constant.” Physical Review Letters 59 
(November): 2607–10. https://doi.org/10.1103/PhysRevLett.59.2607. 

Wess, J., and B. Zumino. 1974. “Supergauge Transformations in Four Dimensions.” Nuclear Physics B 
70 (February): 39–50. https://doi.org/10.1016/0550-3213(74)90355-1. 

White, S. D. M., C. S. Frenk, and M. Davis. 1983. “Clustering in a Neutrino-Dominated Universe.” 
The Astrophysical Journal Letters 274 (November): L1–5. https://doi.org/10.1086/184139. 

Whitehurst, Robert N., and Morton S. Roberts. 1972. “High-Velocity Neutral Hydrogen in the Central 
Region of  the Andromeda Galaxy.” The Astrophysical Journal 175 (July): 347. https://doi.org/
10.1086/151562. 

Wilczek, F. 1978. “Problem of  Strong P and T Invariance in the Presence of  Instantons.” Physical 
Review Letters 40 (January): 279–82. https://doi.org/10.1103/PhysRevLett.40.279. 

Woolf, N. J. 1967. “On the Stabilization of  Clusters of  Galaxies by Ionized Gas.” The Astrophysical 
Journal 148 (April): 287. https://doi.org/10.1086/149148. 

Yang, C. N., and R. L. Mills. 1954. “Conservation of  Isotopic Spin and Isotopic Gauge Invariance.” 
Physical Review 96 (October): 191–95. https://doi.org/10.1103/PhysRev.96.191. 

Young, Thomas. 1804. “The Bakerian Lecture: Experiments and Calculations Relative to Physical  
 Optics.” Philosophical Transactions of the Royal Society of London, 1804, vol. 94 (1804). pp.  
 1-16. https://www.jstor.org/stable/107135 
Zel’dovich, Ya. B., and M. Yu. Khlopov. 1978. “On the Concentration of  Relic Magnetic Monopoles 

in the Universe.” Physics Letters B 79 (November): 239–41. https://doi.org/
10.1016/0370-2693(78)90232-0. 

Zwicky, F. 1933. “Die Rotverschiebung von Extragalaktischen Nebeln.” Helvetica Physica Acta 6: 110–
27. 

———. 1937a. “Nebulae as Gravitational Lenses.” Physical Review 51 (February): 290–290. https://
doi.org/10.1103/PhysRev.51.290. 

———. 1937b. “On the Probability of  Detecting Nebulae Which Act as Gravitational Lenses.” 
Physical Review 51 (April): 679–679. https://doi.org/10.1103/PhysRev.51.679. 

———. 1937c. “On the Masses of  Nebulae and of  Clusters of  Nebulae.” The Astrophysical Journal 
86 (October): 217. https://doi.org/10.1086/143864. 

Back to the Table of  Contents 

 67


	II. VELOCITY AND DISTANCE: SLIPHER, HUBBLE, LEMAÎTRE, AND COSMIC EXPANSION
	I. THE PRIMORDIAL ATOM
	II. THE FIREBALL’S FOSSILS
	2. The Steady-State Universe v The Big Bang
	I. INFLATION THEORY
	The Standard Model of Particle Physics and Beyond
	II. THE MULTIVERSE
	I. DARK MATTER
	1. Missing Mass?
	4. The Cosmic Web
	Is Dark Matter an Illusion? The Case For (and Against) Modified Gravity

	II. DARK ENERGY
	6. THE CRISIS OVER THE AGE OF THE UNIVERSE
	The age of the universe is intimately related to the value of the Hubble parameter, H0, which was first described in Chapter 2.II.3 and serves as a measure of the rate at which the cosmos is expanding. Recall that early in the 20th century, Edwin Hubble and others had established that the universe is growing in size by noting that most other galaxies appear to be receding away from our planet. (In fact, all galaxies are receding away from all other galaxies, on average.) They found that the speed v at which the galaxies are moving away from Earth is directly related to their distance D from us, according to the equation v = H0 D, where H0  is just a constant that astronomers could estimate by making observations.
	7. CONCLUSION: CONCORDANCE AND BEYOND


