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How the heck do you write a book about the whole entire universe? And not just all the gory physics on scales small and great, but how our knowledge of the cosmos has changed in the past few hundred years, and how that's influenced our views of the heavens, the Earth, and ourselves? And how we got to know what we know now, through all the twists and turns and dead ends and blind alleys and just-kiddings of scientific research?


I honestly have no idea, so I suppose we're about to find out together.


If you're already familiar with at least some aspects of the cosmic tapestry that I'm about to unfurl (unfold? I'm unsure here of fabric storage techniques), then I sincerely hope you appreciate the slightly warped perspective I have on the history of cosmology and the history of the universe. When it comes to the past four hundred years, and the past 13.8 billion years, certain stories, certain people, and certain physics have always captured my attention more than others, and naturally I wrote about those and pretended the uninteresting stuff doesn't matter.


If you're completely new to matters cosmological, well, then you're in for a real treat. You're going to encounter some interesting (to put it mildly) characters, crazy physical processes, and, of course, seriously intensive and possibly therapeutic discussions on deeply enigmatic mysteries of the cosmos. I promise I'm doing my best to hit the right level between blow-your-mind and hold-your-hand. But I don't know your background, your interests, or when you dropped out of school, so don't worry if a section or two (or heck, the entire book) gets a little confusing. Go ahead and give it another shot—I won't mind.


Of course I need to toss in an obligatory thanks to a good fraction of the human race. From the dedicated scientists (or protoscientists, in some cases), both named and unnamed, who actually figured out all this stuff, to all the people who have supported me, guided me, taught me, told me I was wrong (that happened a lot), and generally helped make me, me and this book, this book. You know who you are—and thank you for buying this book out of a sense of obligation—so you'll understand why I won't bother listing all your names. My publisher set a word limit, after all.


I'm sure that in some way I owe you a deep and sincere apology after you read this book. If you're a fan of history, then my choices to ignore/simplify/disregard certain aspects of the complicated and intertwined nature of human lives and pursuits might irritate you. If you're a fan of physics, then my choices to ignore/simplify/disregard certain aspects of the complicated and intertwined nature of natural processes might irritate you. If you're a fan of formal writing and good grammar, then you probably haven't even made it this far.


Depending on your own personal belief and/or philosophical system, there's a really solid chance at some point you will read something that will deeply, terribly offend you, causing you to hurl the book at the nearest wall. It's cool, we all do it. I just hope you know that it's not my intention to offend you—either with my style or my substance—but to play a game of show-and-tell with the universe. This is the story of the cosmos as revealed by the tools of scientific inquiry, which have so far proven to be pretty awesome in that regard. I personally find the heavens above us deeply profound, awe-inspiring, and worthy of further study, and I hope the humble paragraphs you're about to encounter (a) do the universe justice and (b) spark a similar passion in you.


But besides being a story of how we look at the universe, this book is also a tale of how the universe looks back at us—about our relationship with the night sky and how we (mostly mistakenly) think it intersects with our daily lives. Some of you (not necessarily you, but somebody) might take that as a critique on a particular religious or philosophical or other nonscientific belief. OK, fine. That's not the point of the book; but I'm not your boss and I'm not going to tell you what to do.


Is this book important? Is it necessary? Is cosmology—the study of our entire universe—vital to the advance of human civilization? Well, are you important and necessary and vital? In the grand sense of things, probably not. But we still keep you around and take you out to dinner, don't we? The game of science isn't to make the world a better place—although some scientists are, thankfully, engaged in exactly that—it's to make a better understanding of the world. Science itself is a method, a tool, for studying nature. That tool can be applied in many cases, from what's causing your migraine (besides chapter 4) to the origins, history, and contents of the universe.




Trying to figure out how nature works, even in literally unreachable parts of our cosmos, is an end in itself. That's exactly the point: to learn more, because being curious and learning stuff is kind of fun, if learning stuff is your kind of fun. And it's my kind of fun, so that's why this book exists. I have loved learning all these facets of cosmological matters through my youth and professional career. Beyond that, I owe it to you. It's you—the taxpayer, the friend, the supporter—who makes science happen. It's you who keep the lights on and the streets clean and the accounts in order and the beans sprouting, enabling a small percentage of the population to follow a particularly odd passion for wrestling with nature on a daily basis.


This book is yours—in a certain sense, you own the collective knowledge summarized in these pages. You also literally own this book, unless you stole it, in which case shame on you.


The most important thing to remember, above all else, no matter your level of familiarity, your personal beliefs, the ease with which you get offended, or any other trait that might affect your perception of this work, is to purchase many copies of this book to distribute to your friends, family, coworkers, acquaintances, mail carriers, local fire department, students, teachers, priests/rabbis/imams, pets, strangers, landscape architects, interior designers, representatives of the local AFL-CIO chapter, and government leaders, and of course a backup copy for yourself.


Science is for sharing, people.


So let's get moving.
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Of course the Earth is at the center of the universe. Just look at the evidence. The sun, moon, stars, and planets all wheel around us in the great celestial dance; how are we possibly to make sense of that if we're not at the focal point? And have you seen the Earth? It's large and solid and made of rock—are you seriously suggesting it moves?


Look up in the sky. Birds. Clouds. The wind. All moving effortlessly, right? They are well removed from this immobile rock on which we stand, so it stands to reason that movement comes even more naturally to the stars and planets, even further removed from us.


Besides, things up there are just so different. Our lives here on Earth are dirty, chaotic, even sinful. But the graceful movements of the heavenly realm are something else. Motions so precise we can use them to set our calendars. Unfailing, the same stars appear on the horizon at the precise time they did last year, and the year before, and so on into the unwritten time of our ancestors.


Surely the laws of nature that we understand here on Earth don't apply up there. They have their own rules, their own sets of laws that govern their behavior. The heavens surround us but are separate from us.


Oh, what about those comets and meteors? Surely they're just strange atmospheric phenomena. Don't worry too much about those.
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Can we really blame our forebears for thinking we are at the center? Up until a few hundred years ago, it was the simplest and most natural explanation of the available data. Not only that, it was supported by rational, coherent arguments. Our ancestors, as we do, used multiple paths to understand the world around them—evidence-based, faith-based, reason-based, math-based—all of which pointed in the same direction: out.


Our ancestors were no dummies. They were just as smart as we are today and perfectly capable of understanding the world around them. And astronomy was vitally important to their daily lives: when to plant crops, when to reap the harvest, when to start preparing for campaigns, when to celebrate holidays. Humans have been using calendars for millennia (at least!), and the natural, regular, repeatable, predictable movements of the heavens provided the perfect device.


I suppose I should mention that ancient peoples thought that the stars influenced our daily lives too—not just by proxy through the effects of the seasons, but literally determined our fate. It's a unique perspective that's missing from modern scientific perspectives (with good reason, and I'll get to that in a bit). But again, I have to stress that your extremely-great-grandparents regarded their horoscope with as much seriousness as they could muster.


The motions of the stars and planets were connected to the seasons. So even though the celestial realm obeys its own set of laws, it must surely be connected—somehow—to events here on Earth. And despite the messiness and chaotic nature of our home, there's a sense of some sort of hidden order and regularity behind our lives. There are obvious patterns in nature, so perhaps there are unobvious patterns as well, patterns that can only be teased out by careful observation and interpretation.


Thus, the astrologer: someone who carefully studied the great wheel of heavenly motions and inferred their implications for the Earthbound. Born during a particular month? That must be linked to your personality. Solar eclipse during your reign as emperor? Yikes, better clean up your act. Comet appears as you prepare for battle? The gods disfavor your enemy, and the time is right for attack.


One of our earliest records of the profession of astrologer (or, if you prefer, astronomer; the two terms weren't cleanly separated until relatively recently) comes to us from ancient China, right as they were at the edge of developing a writing system. The story goes that the two court astrologers of the emperor Chung K'ang failed to predict a solar eclipse in 2137 BCE. They were immediately beheaded.1


Yes, our ancestors took this sky-watching stuff seriously.


So it's no surprise that as the centuries progressed, more data from observations accumulated, and astronomers were able to make ever-more-sophisticated models of those motions so they could make better astrological predictions. What better way to accurately tell your fortunes, an entrepreneurial young astrologer might say to a prospective royal client, than with the most precise measurements and predictions available?




And the Ptolemaic system, developed by Ptolemy (hence the name) in the second century CE and fully established as everyone's favorite cosmological model by the sixteenth century in Europe, provided the most detailed astrological calculations possible. This model of the universe put the Earth at the center (of course!), with each celestial body assigned to its own crystal sphere. These spheres nested within each other like a set of heavenly matryoshka dolls, gliding effortlessly against each other in their cosmic dance.


The moon's sphere came first, followed by one carrying the sun and one for each of the planets (except Uranus and Neptune, which were too dim to be known), with the outermost layer carrying the sphere of stars. Beyond that was probably heaven itself, or something like it.


It's a little difficult for our modern minds to wrap themselves around prescientific cosmologies. Individual statements or expressions sound perfectly normal in isolation. Even today you could hear someone talking about, say, the time of the next lunar eclipse, or someone lecturing about the nature of the divine. But today these kinds of statements tend to be widely separated. Nobody (who wants to be taken seriously) claims that the pattern of lunar eclipses gives us a window into Holy Wisdom and a clue about what we ought to have for dinner this week.


It's not that modern scientists are incapable of religious thought, but they usually don't think about both subjects at the same time, and it's rare for a scientific treatise to use religious texts to bolster its argument (and vice versa).


This compartmentalization of inquiry into the world around us is a relatively recent invention. For almost all of human history, people who were curious about the universe were simply that: curious about the universe. And one could inquire about the universe in many different ways: using evidence, using divine revelation, using rational arguments, using mathematical proofs, and so on.


So the highly sophisticated cosmological Ptolemaic model wasn't just a physical model of the order of the universe—it was fully incorporated into the religious, philosophical, and mathematical views of the time and place.2
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I'm highlighting this blending of modes of inquiry into the natural world because I think there's something missing from the usual story of the birth of the scientific revolution. That story, put very simply, goes like this: we used to think the Earth was at the center of the universe, but that model was flawed. Copernicus proposed that the sun was at the center, Kepler refined this theory, and Galileo got in a big argument with the Catholic Church about it. Lots of fighting and a good amount of burning at the stake ensued, but eventually science prevailed, and now we know better.


I don't think that gives the right flavor of what went down at the turn of the 1600s. Don't get me wrong: Galileo fought with the church (a lot), people got burned (a lot), and a sun-centered model was adopted (eventually). But the impression that I, at least, got as I was taught this way back in grade school was that the arrogant know-it-alls thought the Earth was at the center, taking pride of place, and refused to accept the new view.


To be fair, most people of historic eras simply didn't think about this at all. They were too busy dying of plague, dying from starvation, or dying in battle to wonder about the precise mathematical formula that would unlock the inner workings of the celestial spheres. The arguments that have passed down to us are from the intelligentsia of the age: those who could read and write (usually in Latin), who had access to the books written by their intellectual ancestors, who had enough time to make precise measurements of the objects in the sky, and who had the ear of a king or pope or other wealthy dude to fund their studies.


So I can't tell you what Mathias or Marta Everyman thought about the universe, but I can tell you what Nicolaus Copernicus, Tycho Brahe, Johannes Kepler, and Galileo Galilei thought.


By the late 1500s, folks pretty much knew there were some issues with the Ptolemaic model of cosmology. The trouble, as is usually the trouble when theories begin to crumble, was data. Assuming that the planets move in perfect circles doesn't quite fit the observations. Sometimes the planets appear to move backward in their orbits, which just shouldn't happen.


The easiest solution is to add a so-called epicycle, a circle-within-a-circle to account for the extra motion. OK, fair enough. Circles are nice and elegant, and a series of nested circles within each orbit is only one step away from a series of nested spheres to explain the orbits themselves. There's a certain appealing symmetry there.


But in the centuries leading up to 1600, astronomers started making more accurate observations, and they noted deviations from the circles-within-circles approach. To explain this, they added ever more epicycles, each one tacked onto a particular planet to match all the observations.


It was a bit complicated, but it worked: it fit the data and was able to make predictions. You could tell your fortunes with the epicycle Earth-centered system. Maybe it was a bit cumbersome, so naturally you would need a few years of training before you could become an adept astrologer. But there's nothing wrong with baking a little job security into the system, right?


Besides, in some academic circles (ha!) the argument went that the epicycles were just added to account for observations. There was a deeper, more hidden “truth” in the universe, and cosmological models were just that: models to explain the data—nothing more, nothing less. A tool, if you will, that could be wielded to give better astrological predictions.


So when Nicolaus Copernicus on his deathbed in 1543 allowed his book detailing a sun-centered cosmology to be published, the reaction was pretty mild. “Hmmm” seems to have been the collective response of the leading figures. Some thought it was kind of nifty, others were violently opposed, but most folks simply didn't care. As the decades passed, however, the debates grew more complex, more heated, and overall more fun for us in the present day to read. And to be perfectly honest, the debates were, well, honest. Sure, some so-called enlightened figures had reflexive knee-jerk reactions, but most scholars armed themselves with the tools of the thinking trade—evidence, reason, philosophy, mathematics, divinity—and went to work trying to devastate their opponents. If you go to a typical scientific conference today, you'll see that some things never change. The weapons may be different, of course, but the modes of delivery are the same.3


Copernicus's fancy new model wasn't immediately compelling. He argued that—hey, guys, check this out, I know it's a crazy idea but work with me—the sun is the center of the universe, not the Earth. Look at the problems it solves! Sometimes planets move backward in their orbits? It's because we're catching up in their orbit. And you know some of those awkward pain-in-the-neck mathematical contrivances in the geocentric model, like epicycles? Well, you can safely chuck most of them if the sun is at the center. And—well, those are the big ones.


What, you're not convinced?


You're not alone. To account for the day/night cycle, we now have to claim that the Earth is spinning. Are you crazy? Have you seen the Earth? Wouldn't we be blasted by bajillion-mile-per-hour winds and/or spun off the planet? And Copernicus still insisted on circular orbits because circles are really beautiful, and so he still had to add epicycles to account for the detailed motions. (Although, to be fair to Copernicus, his system was mathematically simpler.)


And let's really think about this, OK? Let's assume, for the sake of argument so I can later prove you wrong, that the Earth orbits the sun. Wouldn't the stars wobble a little bit between summer and winter, based on our different observing positions, the same way our view off a distant object can wobble if we switch eyes? They don't, at least as far as we can tell. So either (a) the stars are unfathomably far away and our universe is way too large to comfortably think about, or (b) the Earth is at the center.


We're going to reject option (a) because it's immediately eye-rollingly wrong, so we're left with an Earth-centered universe.
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That was the argument made by Tycho Brahe, the Danish astronomer who was really fond of making arguments: he lost his nose during a duel with his third cousin. Its brass replacement served as a useful warning to every other academic later in his life: don't flipping mess with Brahe.4


It also didn't hurt that Brahe was perhaps the foremost astronomer to ever appear on our planet. Working from Uraniborg, his own private fortress of science, his observations practically defined exquisite. He spotted a supernova. He figured out that comets were not, after all, merely some atmospheric phenomena. He crafted his very own personal cosmological model, with the Earth at the center, the sun orbiting the Earth, and everything else orbiting the orbiting sun (it wasn't very popular—I get the image of that one loud drunk guy at the party telling everyone his take on, say, the JFK assassination). And he collected the most detailed observations that had ever been made of the positions of the planets. All of this was done without the aid of a telescope—just looking and measuring, measuring and looking, night after night. He jealously guarded his tables of astronomical insights, allowing his assistants access only in heavily supervised scenarios.


Now I'm not saying that one of his assistants, Johannes Kepler, murdered him to gain unrestricted access to those tables. But it is awfully convenient that Kepler, who fervently believed (and I'm using “believe” here in a rather faith-based sense) that the sun was the center of the universe, was working with Brahe and desperately wanted unchaperoned access to those tables to prove his ideas right.


The story goes that Brahe was drinking heavily at a banquet and had to use the little astronomers’ room but didn't want to get up for fear of insulting his host. In the ensuring days, he ended up very slowly and painfully dying, likely from a ruptured bladder.5




We'll leave that as the official line, but I'm keeping my eye on you, Kepler.


Johannes was a pretty clever dude, but saying he was eccentric is to only scratch the surface. He was the court astrologer (yes, you read that right) to Emperor Rudolph II of the Holy Roman Empire. That's not too surprising, but he was also a numerologist of the highest order.6


Kepler fervently—and perhaps fanatically—believed that mathematical and geometrical coincidences found in nature were anything but mere bits of chance. No. There was hidden order and deeper meaning within the motions of heavenly bodies. What's more, that order and meaning didn't just have consequences in the celestial realm but directly affected, influenced, and informed our daily lives. Right here on dirty, muddy, sinful Earth.


Perhaps there was a reason that although Kepler and Galileo wrote to each other, Galileo never really referenced any of Kepler's astronomical work in his arguments with the church.7 You can kind of see why. To employ one of the arguments of Kepler would immediately open Galileo to accusations of being a—shudder—mystic.


But Kepler opened up that can of worms with relish and dug right in with the nearest fork he could find, drooling the whole time. He figured the sun was at the center of the solar system. Why? Because as the most prominent, fiery denizen of the solar system, it was obviously the focal point. Just like God the Father was the focal point of the Christian faith, the source of everything else.


His words, not mine.8


As nutty as Kepler was to us, he was no dummy either. He fully knew the weaknesses of Copernicus's solar system, but he thought he could do better. No—he knew he could do better.


And he had the data to do it. Table after repetitive table of positions of planets and stars, measured with as much accuracy as the human eye could muster. All his, now that Brahe was conveniently out of the picture.


Kepler was convinced that buried within those tables of numbers was a hidden order, and if he sought long enough he would recognize a pattern. This is, of course, before computerized pattern-matching algorithms, before computers themselves. A fancy mathematical tool called logarithms had just been invented, which was pretty handy, but otherwise Kepler had to brute-force the whole thing.


In his searching he found dozens of what we (and, to be frank, pretty much any rational person) would call coincidences. But to Kepler they weren't just random chance alignments or interesting repetitions of numbers. No, they were the voice of the divine, calling out through the cosmos, instructing us on how to operate our lives.


Kepler wrote a few books on the subject, and the vast majority of his ideas are nowadays ignored. What survives are what we know as Kepler's laws of planetary motion, which he discovered pretty much from trial and error, hoping to find something that stuck and unified the complex, interwoven motions of heavenly objects.9


The first law is that planets move in ellipses. Perfect circles for the motions of the planets just weren't cutting it anymore, even with a sun-centered universe. And besides, epicycles upon epicycles made horoscopes way too difficult to calculate—just where exactly is Mercury supposed to be on the day of the princess's wedding? Sheesh!


Kepler went about trying every geometric pattern he could think of, trying to find a common unifying theme to the planetary orbits. Apparently he initially skipped over the humble ellipse (which would be the first thing you would think of if you wanted to upgrade from a circle), assuming someone in the past millennium would have tried it already. He was wrong, and when he finally gave ellipses a shot, everything snapped together.


There it was, the voice of God himself speaking not through circles, but through ellipses. A simple geometric expression, combined with the placement of the sun at the center, put all the planets in their correct places. Nested epicycles with their complicated, convoluted mathematical machinery could be tossed into the garbage.


But circles are so beautiful! Surely the creator of the universe, in all his divine wisdom, wouldn't make a mistake like placing planets on elliptical orbits, right?


Kepler was ready for the criticism (I told you he was smart). You see, circles are a little too simple. A circle is a circle is a circle. You just need a single number, the radius, and you've completely defined it. But with ellipses you need two numbers: the major and minor radii, meaning the lengths of the long and short sides Two numbers means there's more bandwidth for God to tell us interesting things about the cosmos—and us.


And here's where Kepler's second law comes into play: the planets, as they swing around in their orbits, carve out equal areas in equal time. Think about trying to divvy up an odd-shaped pizza. You want everyone to get the same amount of pizza, so some folks will get a long and skinny slice, while others will get a short and wide slice. We don't need to get into the crust debate for the purposes of this analogy.
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Understanding and confusion I: At the top, a short excerpt from the wild ride of Kepler's multivolume Harmonices Mundi, where he discovers Deep and Important truths about the celestial realm and uses those to link the motions of the planets to musical notes and scales and then to the fortunes of our daily lives. That last bit is arguable. Below, his contemporary Galileo Galilei scans the same heavens not with math but with a telescope and stares in blubbering wonder at what his polished glass reveals. In this case, in Sidereus Nuncius he sketches the rough-and-tumble surface of the moon, a far cry from the smooth marble finish it appears to be from afar.




An ellipse has two centers, called foci, and the sun is placed at one of those foci for each planetary orbit. When that planet is closest to the sun, in a given amount of time it will carve out a short and wide slice of orbit. Likewise, when it's farther away, it gets long and skinny pieces in the same timeframe. To accomplish this, the planet must move faster when it's closer to the sun, and slower when it's farther away.


Now for Kepler's big trick: the speeds of the planets in their orbit are telling us something. Or rather, they are singing us something. Kepler saw in the heavens the “music of the spheres,” a celestial symphony singing their notes. And since the planets were closer to heaven, their song was truly a holy hymn.


Again, his words. Not mine.10


Kepler was particularly interested in the ratios of the slowest to fastest speeds, because to his eyes they looked very much like the ratios of notes used to make musical tones. But he didn't stop at the “Hey, that's neat” stage; instead he went all the way for the astrological touchdown and argued that the qualities of the notes played by the celestial denizens determined their character.


Most important, the ratio of the Earth's own speed was nearly 16:15 (and hey, if we have to fudge the numbers a bit to get a nice ratio, I'm sure nobody will notice), which was the same ratio as between the notes mi and fa. This was obviously right to Kepler, since “in this our home misery and famine hold sway.”


This is seriously Kepler's line of thinking, and what motivated him to develop what we consider fundamental truths of our solar system. God created a perfect, harmonious universe, but we screwed it up with our sinful ways. So now only a few pockets of that primordial majesty remain: The planets, of course, since they're untouched by human affairs (ahem, at the time). Here on Earth we still have music, mathematics, and geometry, which, given the perfect relationships found within them, ought to have some glimmer of the divine.


To Kepler, the universe was permeated with a divine orderliness that was largely masked in our world but could be viewed in the heavens. So here was his easy-peasy divination horoscope-making plan: (1) Study the heavens. (2) Discover a hidden sacred geometry. (3) Relate it to a similar geometry on Earth. (4) Use that to tell the future.


Kepler went on for pages and pages of this kind of stuff, but there's only so much I can relate to you without going nuts, so we'll stop there.
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Thus, Kepler saw the universe as messier than we had thought (having to jump from circles to spheres), but for a good reason: the sacred geometry of the sky was informing us of divine plans. But for several years one crucial element eluded him: something to unify the divine motions of the planets.


Finding this sacred geometry in the celestial realm wasn't enough. There had to be something deeper, even more fundamental. The elliptical orbits were useful, yes, but they only hinted at the heavenly. Kepler was hunting for a sort of universality in the laws that govern our universe, not just faint glimmers of connection. And it was by digging deeper into the details of planetary motions that he was able to uncover something truly astounding—to him, and to us even today.


Take Mercury, for example. It sits at a particular distance from the sun (or, I should say, particular distances, since its orbit is an ellipse), and it takes a certain amount of time to complete one of its orbits. The Earth has another distance and another amount of time, unique to this planet. And again, Jupiter, or Mars, or any planet, has its very own special pair of numbers assigned to it: some measure of its distance from the sun and some measure of how long it takes to complete one orbit.


These are all blindingly obvious and bland statements about our solar system that anyone could make. But have you ever wondered why? Why does Mercury have that number assigned to it, but not any other? Why does Jupiter take this long to orbit the sun, instead of slightly more or less time? It can't just be random coincidence, can it?


After years of searching through those tables of numbers, hand calculation after tedious hand calculation, Kepler found a formula that stuck. Today we know it as his third law, and I'm sure he considered it among his greatest achievements. The positions and speeds of the planets were not pulled out of some cosmic hat; there was indeed a deeper order.


Kepler discovered that the motions and positions of the planets obey a simple, harmonious relationship, and it goes like this: Pick a planet, any planet. Measure the amount of time it takes to go around the sun once. That's called the period, and you'll need to square that number. Next, draw the ellipse the planet makes in its orbit. Find the longest distance from the center of that ellipse to the edge. In math terms, that's called the semi-major axis. Cube that number.


The square of the period divided by the cube of the semi-major axis gives you a particular value. Repeat this exercise for all the planets and write down all their numbers—a tedious but pretty straightforward exercise.




And now for the voilà: that number is identical for all the planets, from tiny, fast Mercury to distant, slow Saturn. Across the solar system, this quantity is the same. It's an almost bizarrely simple formula unifying the motions of every planet. To us, this result seems almost pedestrian, but we're separated from this discovery by more than four hundred years of finding common elements among the stars. This was practically the philosopher's stone of astronomy. A holy grail of mathematical insight.


And almost nobody cared. Kepler was an eccentric mystic who buried this profound insight within volumes of—well, there aren't a lot of polite words to describe it. Still, as the decades wore on, scholars recognized the importance of Kepler's work, preserving it for future generations to ponder.


After all, his analysis only moved the goalposts; it didn't end the game. Sure, he could now handily explain the particular positions and speed of the planets. But why the period squared? Why the semi-major axis cubed? And this division thing, what's up with that? Kepler himself wasn't too concerned—the fact that he found any relationship at all was something to celebrate. As to what divine wisdom could be unlocked by understanding the source of the equation: well, it's hard to be employed as a mystic without some mystery in the universe, right?
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Not that Kepler was entirely ignored—far from it. His head-scratching leaps of faith and logic were regarded with a sort of quaint curiosity, but behind the ramblings was the mind of a precise mathematician. He deftly employed his newfound organization of the cosmos—the elliptical orbits, the sun at a focal point, the underlying relationship among the planets—to great effect, publishing a set of tables that cataloged more than 1,500 star positions and predicted the positions of the planets to unheard-of accuracy, along with sets of calculation tools for handy do-it-yourself astronomy.11


That book, called The Rudolphine Tables in honor of his patron, was a smash hit (as much anything could be back then).12 It was read, copied, and used, partly for navigation—accurate star positions are rather useful, after all—but mostly for astrology. Knowing which planet was precisely within which constellation was essential for understanding the present and divining the future.


It was that book, based on a more sun-centered model of the universe, that made all the difference. With the addition of elliptical orbits, everything was just so much easier. If making the sun the focal point of the cosmos made you uncomfortable, at least you could console yourself that it was only a model. The universe does what the universe does (and we can still think we're at the center); what Kepler did was introduce a handy trick of mathematics to make your astrological life so much easier.


So it's a bit ironic that Kepler is often included as some sort of patron saint of science. Sure, his achievements were remarkable. But so were Tycho Brahe's (and arguably, depending whether you lean more toward theory or experiment, Brahe's were superior), but unfortunately for old Brass Nose, he ended up on the wrong side of the argument. He did apparently have superhuman bladder control, but that didn't seem to help his scientific legacy.


Kepler was right—it is more accurate to think of the solar system as just that, solar—but for all the wrong reasons. And his legacy survived not on its scientific merits but on its astrological usefulness. Scholarly discourse slowly abandoned the concept of heavenly crystal spheres in the decades following Kepler's input. There simply wasn't a need: it was much easier to talk about the universe as if the sun hung at the center and the planets zoomed along on their little elliptical racetracks.


But his story serves as an object lesson for this book. The universe is far, far messier than we would prefer it to be. Wouldn't it be great if a few simple circles (and heck, let's be generous and toss in a few epicycles too) were enough to completely describe the cosmos?


Unfortunately, Mother Nature isn't that kind to us. Ellipses are more complicated than circles, for sure, but to Kepler that was a boon rather than a curse. With this much more rich information, he had enough clues to perceive an orderly pattern. He didn't fully understand the causes or physical implications of his third law, but he did discern it.


And that's why Kepler, as nutty as he was, even in the eyes of his peers, was onto something good.
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Oh, right, Galileo. He was kind of a big deal, operating at the same time as Kepler, living in Italy in the shadow of his frenemy the Catholic Church. He was the astronomer's astronomer and the curmudgeon's curmudgeon. A rude dude who straight up called his boss an idiot (pro tip for the Renaissance scientist: don't tick off the pope, who also happens to wield supreme temporal power over your land). I'm not saying the church was in the right putting him under house arrest for arguing against the orthodoxy, but Galileo didn't exactly do himself any favors. The full story of Galileo is wonderful and convoluted and wonderfully convoluted, and also the subject of another book.13


Instead, I want to focus on what Galileo saw with his newfangled telescope. The instrument itself is deceptively simple. On paper it looks so easy a kindergartener could assemble it: a couple of curved lenses and a tube. The physics of optics does all the rest. And while Galileo didn't invent the telescope per se, he certainly invented the astronomical telescope, which is what we usually think of when we use the word “telescope.”


The device had been developed within Galileo's lifetime, and, people being people, I'm sure somebody somewhere pointed it up at the night sky to see what he could see. Unfortunately, that person couldn't see much; the trick to telescopes isn't in their construction but in their finishing. You have to polish the lens to an extremely high level of precision so the path of light gets bent in just the right way, or you get a smudgy mess on the other end.


A telescope does two things. First, it's just a bucket for light. Your pupil can only cram so much light into it at a time, and that sets a limit to the dimmest thing you can see (I'm, uh, glossing over some biological details here, but you get the idea). A wider telescope is like a wider eyeball: it can soak up photons that would normally just hit the rest of your face.


The second thing a telescope does is magnify. It takes all that collected light and focuses it down to a smaller area so that it can fit in your eye. That operation turns small separations into big separations, so a minuscule dot on the horizon can be recognized as, say, a ship.


“Hey, guys, there's a ship on the horizon…I think” was the current gold standard for telescopes until Galileo took a crack at it. With uncommon dedication, he made a lens so smooth, so flawless, that the celestial realm completely changed its character.14


The moon, thought to be a smooth globe of marble, was instead a loose collection of jagged rocks. Jupiter was not alone—it was joined by four small moons that were obviously orbiting it. Saturn had two lumps on either side of it that, over the course of Galileo's repeated observations, shrank to thin slivers and disappeared—before reappearing again.


The sun had spots that, after a little geometrical legwork, were shown to be attached to its surface. And that surface was spinning. Fast.


Venus had phases. Phases. Like the moon. Since phases are a trick of perspective—the light from the sun illuminates only one side of an object at a time, and that side can be different from the one we view—the only way to make that work was for the sun to be at the center of the solar system.


The universe that Galileo revealed was frightfully messy. With this joining Brahe's earlier discovery of a new star appearing and his demonstration that comets were not confined to our atmosphere,15 scholars (at this early stage, I hesitate to call them scientists in the sense we're used to) were quickly realizing that our home is a strange place indeed.


What got Galileo into trouble (well, one of the things) was his insistence on circular orbits. He saw, right through the lens of his telescope, direct evidence for a sun-centered cosmos. He must have been aware of Kepler's work—Johannes wrote to him like an eager fanboy—but he either missed the memo on elliptical orbits or outright ignored it because it was caught up in mystic mumbo jumbo.


It's interesting that Kepler and Galileo were tackling the same problem (the structure and contents of the universe) using different techniques (Kepler digging deep into mathematics and Galileo producing literal volumes of observations) and arriving at conclusions that seem at odds. But on closer inspection, their results were two sides of the same coin.


Galileo saw firsthand a messy universe but insisted on simple, orderly circles to explain the orbits of the planets. Kepler found elegant geometric order in the chaos but argued that the universe was directly connected to our everyday lives. I can't think of better prototypical experimentalists and theorists.


Put them together and you have the picture that modern cosmology—the study of the cosmos—brings us: we live in a simple universe that is connected to our daily lives.


Wait, no, that's not right. It's the other combination: we live in a messy universe that doesn't care about us.


That's it.
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You know, it's really hard to start the story of our universe at the place it should—the start of the universe—because strictly speaking, the universe doesn't have a beginning. Or maybe it does.


It's complicated.


Here's the problem. We live in an expanding universe. Every second of every day, galaxies are generally getting farther away from each other. Run the clock backward, and you quickly realize that in the past, galaxies were closer together. This is pretty straightforward logic, I suppose.


Run the clock back further, and there aren't galaxies anymore—all the matter is too smooshed together. There's just a bunch of junk filling up the universe. Keep going, and eventually the entire universe, as big as it appears today, shrinks and shrinks to an infinitely small point. That is precisely what general relativity, our mathematical tool for understanding the evolution of the universe over these almost incomprehensible timescales, tells us: that at a finite time in the past (spoiler alert for later chapters: around 13.8 billion years ago), the universe was compressed into a singularity, a point of infinite density.


Of course, that's wrong. Nature doesn't like infinities. But we have to separate what nature actually does from how we model it. Physics is a mathematical description of the world around us. And that mathematics provides a wonderful tool. For one, math compacts vague natural-language sentences into precise, meaning-filled equations. You could go on and on about how a wave of electromagnetic radiation propagates (and in fact I'm probably going to do that later) without getting all the details right, simply because English isn't really equipped to describe it. But a couple of neat equations can do all the work for us, summarizing and describing in one elegant go.1


Math also forces logical consistency, which is handy when a physicist wants to make predictions. “If we assume this is true based on the evidence, then that must happen” is a soothing statement that calms us during bouts of midnight existential dread.


But it does have its shortcomings. We can only provide approximate descriptions of nature, because we are fundamentally limited by uncertainties in measurement. Sometimes those approximations are really really (really) good, so we don't care about the discrepancy anymore. But sometimes the math is so broken, so dysfunctional, that we can't use it to piece together what Mother Nature is whispering to us at all.


And that's the case with singularities. When a singularity appears in a description, it's the mathematics itself telling you that you've gone too far—your fancy equations are no good here. It means you're doing something wrong, and the math wants no part of your shenanigans.


Singularities are actually pretty common, at least in mathematics. If I model the force provided by a simple spring, I can use Hooke's law: The more I compress the spring, the harder it will push back on me. But if I were to compress it all the way, so that the spring was a single point, the force pushing back on me would be infinite. That seems like a dumb thing to say, but that's what Hooke's mathematics tells us.


But duh, you can only compress a spring just so far until some other force takes over—like, say, the electric repulsion of the atoms in the metal, preventing them from squeezing down to infinity. The singularity appears in the math, but nature knows better.


Now take this example and replace Hooke's law with general relativity, and the spring with the entire universe. Welcome to the cosmologist's nightmare.
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Einstein's theory of general relativity is fantastically easy to state: we all live embedded in space-time. The presence of mass or energy distorts space-time “underneath” it (in a three-dimensional sense, but there aren't any good English words for it), and that distortion tells other matter how to move. Put two kids on a trampoline: they can affect the motion of each other without touching. Now imagine that in four dimensions, and you have gravity.


It's almost funny how a somewhat benign statement like the one above masks such a horrible snake pit of mathematics. General relativity itself is a set of ten complicated, interwoven equations describing the detailed relationship between space-time and matter and energy, plus some more equations governing how objects move. Heavy stuff.


General relativity is the story of gravity, and at the very largest scales (i.e., bigger than galaxies), gravity is the only force with enough oomph. It's incredibly weak but affects all matter and energy across infinite range, and it's that staying power that provides its dominance at large scales. On balance the universe is neutral, so the electromagnetic force cancels out. The strong nuclear force peters out past an atomic nucleus, and the weak nuclear force is, well, weak. When it comes to cosmology, only gravity matters.


Except when it doesn't, like in the earliest fraction of a fraction of second into the existence of the universe as we know it.


Cosmology is the story of gravity at large scales, and general relativity is just fine and dandy for describing that gravity—giving us the very history of our cosmos. But there are singularities lurking within Einstein's greatest hit. We use general relativity to understand the evolution of our universe, and those mathematics say—and logic tells us—if we live in an expanding universe (and we do!), then at one time in the past, everything was crammed into an infinitely dense point.


Unless something got in the way. Unless something prevented or replaced the inevitable collapse, stopping the universe from becoming infinitely dense—just significantly or even stupendously dense. Anything but infinite and we can handle it. And in fact, something must prevent it. We know that singularities don't actually appear in nature; they are flaws in our model of reality.


So general relativity draws a line in the sand: we could mine the entire universe for information, extract every single bit of useful data from our observations, but we will never, ever understand the earliest moments of the universe unless we try some other tool in our mathematical toolbox. When it comes to the first 10−43 seconds, we simply have no idea what's going.


It's here where speculation reigns. We have a relatively firm grasp of the history of the universe, but not its origins. Or even if origins is the right word. We haven't (yet) developed the mathematical language to describe these initial moments. Or even if initial is the right word.


Maybe there's more “universe” happening before what we call the big bang (as you can see, this term is meant to describe not the birth of our universe but its very early history). Maybe the very concepts of space and time break down. Maybe there's no such thing as “before” the universe. There are a lot of speculative ideas beyond our known physical laws floating around in the minds of physicists and their arcane academic journals. Maybe string theory has an answer here, or was it loop quantum gravity? Who knows?2


The singularity draws the eye of the theoretical physicist because it's an unambiguous signpost that there's more to be learned here. For all other times and scales in the universe, we have at least some guidance on how to proceed. But in this moment, when the universe has a temperature of more than 1032 Kelvin and is no bigger than 10−35 meters across, we don't have much to guide us.


To give you a sense of the extremity of the tininess of this epoch—called the Planck era, by the way—hold out your hands as far as they can reach. Go ahead, you could use the stretch. The scale difference between the width of the observable universe today (about ninety-three billion light-years) and your outstretched hands is about the same as the scale difference between your outstretched hands and the size of the universe at this newborn state—if the universe were about a billion times wider back then.


In other words, imagine how long it would take to stretch out your arms so wide that you could hug the present-day universe. The Planck-era universe would have to do that a billion times over to give you a friendly squeeze.


I'm sorry—there just aren't a lot of useful analogies for these sorts of situations. The temperatures, densities, and length scales in operation at the early stages of our universe aren't something we normally come in contact with, so we don't have handy metaphors or explanatory tools at the ready. Usually in these situations we can instead appeal to the mathematics to guide us, like a distant lighthouse in a storm of nonsense, but even here the light is gone out.
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We don't understand the Planck era because we don't understand physics at those scales, but it is at least reassuring to know where our laws break down. And that Planck era, with its characteristic energy and length scales, isn't just pulled out of the Random Number Jar to sound impressive—there's a reason our understanding goes so haywire at numbers so small.


Let's say you have to pick your top five most important physical constants that appear in our descriptions of the universe. Actually, skip that; I'll just tell you what they are. You have the familiar speed of light, which appears in electromagnetism and special relativity, and you need to include Newton's classic gravitational constant. You might not recognize the Coulomb constant, which is like the gravitational constant but for electricity, but it's important too. Plus you need to toss in the Boltzmann constant, which for gases connects things we can easily measure (like temperature) to things we can't (like energy of the gas particles).




Last but certainly not least is the Planck constant itself, warily introduced by Max Planck in the early 1900s.3 Originally shoehorned into his math to help him understand the behavior of light (and one of its uses is to define the relationship between the wavelength of light and the amount of energy it carries), it quickly grew to become the numerical ambassador for quantum mechanics itself. I'll get into that story more later.


All these constants help us relate one thing to another. If I have this much charge, how strong will its electric force be? Coulomb can tell us. If I start waving around some electric and magnetic fields, how fast will they move? Speed of light. How much mass do I need to hold down my coffee? Newton's got your back.


These constants are like little governors for their respective domains of physics. What's really fun is when we start combining physics, and the relationships between these constants tell us when and where multiple areas of physics get together and start partying. To find out, we combine the governing constants in interesting ways, known as the Planck units.


Take the Planck length, which combines Newton's constant, the speed of light, and the original Planck constant (sorry that his name keeps popping up in confusing ways; he was kind of smart and kind of important). That number comes out to about 1.6 × 10−35 meters…hey, wait a minute, that's the size of the universe where our physical theories break down!


Now we can see why: the Planck constant tells us about where we need to care about quantum mechanics, and Newton's constant tells us the same for gravity. The Planck length is a scale where both gravity and quantum mechanics matter. It's not like the universe magically transforms into something weird and wonderful at those scales, but since the Planck length is constructed from other useful numbers, when you're trying to play the gravity-quantum matchmaking game, those same numbers are going to crop up. So think of the Planck length as a warning sign: here be dragons.


And those are quantum gravity dragons. We do not, at the time of the writing of this book and most likely also at the time of your reading, have a quantum description of gravity. Why not? That's a long story, and probably a tale for another book.4 For our purposes, we simply don't have a single mathematical language that incorporates gravity into our quantum worldview. And it's that lack of language that prevents us from fully understanding those first moments in the universe, and especially what might come “before.”


I'm purposely not spending a lot of time discussing what some speculative ideas might be for combining gravity with quantum mechanics and for the origins of the universe. Things like colliding branes and collapsing universal wave functions sound super awesome, but at this point they're one step away from pure fantasy. Not that such hypotheticals shouldn't be explored—far from it. We need creative ideas to move forward. But we're so far out on the ledge that it's hard to tell a good idea from a bad one. I would hate to waste your precious time describing in detail a concept that a year from now will be ruled out by experiment (or, more likely, go out of fashion), especially when there's so much more cool stuff to talk about.


It's the ultimate irony that the work of Kepler would set us down a path of completely reimagining the universe and our place in it. He believed that the motions of heavenly objects contained divine truths that could be expressed in pure mathematics, and now we're starting our cosmological story—the very birth of the universe, if that's even the right turn of phrase—in murky haze that even our most sophisticated mathematics is only beginning to penetrate. Not only does the universe barely care for us, we don't even have the right language to begin caring about the early universe.
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Once things get going, so to speak, the veil begins to lift. We're still not at the stage where we can directly observe anything (that won't come for another 380,000 years, an incomprehensibly distant future compared to the timescales of physics in the early cosmos), but we do begin to have hints of the mathematics involved.


Now I get to say one of my favorite phrases, a sentence that captures my own imagination, that summarizes our current state of existence as viewed through the lens of modern physics: we live in a broken universe. That trite statement is motivated by a simple question. Why are there four forces of nature? Electromagnetism, gravity, and the twin nuclear forces describe the complete variety of physical interactions in the world around us. Why not three? Why not seventeen?


Here's another amazing statement: there weren't always four forces of nature. Or rather, there aren't always four forces of nature.


When we crank up the energies in our particle colliders above 246 GeV (short for giga-electron volt, or a billion electron volts5), the four forces of nature disappear.


Gravity and strong nuclear are preserved, but the electromagnetic and weak merge into something else, handily called the electroweak force. The photon, carrier of the electromagnetic force, disappears. As do the W+, W-, and Z bosons, the inscrutable names we give to the carriers of the weak nuclear force. Their identities and everything we associate with them simply melt away. In their place, a quartet of new particles does the work of ferrying the electroweak force from place to place.


To make this splitting happen, Peter Higgs in the 1960s realized that there needs to be a new ingredient in the recipe of the universe: a Higgs field (so named later; he was not so vain as to name it after himself).6 This field simply exists, permeating all of space-time, hanging out, minding its own business. But through *insert complicated mathematics here* it does the work of splitting the electromagnetic force from the weak nuclear. No Higgs, no symmetry breaking, no separation of forces. Hence all the buzz in 2012 when the Large Hadron Collider found evidence for the Higgs field.


The Higgs field is that one guy on the floor who finds a couple waltzing together perfectly, like they belong together for the rest of their lives, and asks for a dance.


That merging of the fundamental forces is an expression of a deep and fundamental symmetry in our universe. A single mathematical expression describes both the electromagnetic and weak nuclear interactions in one fell swoop—but only at high energies. At low energies (and our everyday experiences qualify as “low energies” in this context), that symmetry breaks, revealing two separate forces.


A pencil balanced on its tip is very symmetrical, but also unstable. It can only exist under a very narrow set of circumstances. As soon as it falls, it's much more stable, but asymmetric. Meditate on that the next time you flick the light switch.


It gets better, and where it gets better is relevant to the early universe. At even higher energies, somewhere north of 1016 GeV, the strong nuclear force joins the unification party, leaving only two forces at play in the fresh universe: gravity and what's called the electronuclear force, a Grand Unification of three forces in the universe. Obviously that unification is a bit harder to study because (a) the math gets hard, quick, and (b) that energy scale is a trillion times higher than what we can achieve with the world's most super of supercolliders.


Apparently that unification happened only once, for a brief moment, when the universe was less than 10−36 seconds old and smaller than a single electron. The words “brief” and “small” in the preceding sentence seem hopelessly inadequate, but here we are.


At the end of that Grand Unification epoch (also known as the GUT epoch, for this is the age when a supposed Grand Unified Theory prevails—but don't mistake a GUT for a TOE, a theory of everything that would hold in the Planck era) (no, I'm not making any of this up), the strong nuclear force splits off and we're back in (kind of) familiar territory with gravity, strong nuclear, and electroweak forces bouncing around. But in terms of narrative of the universe, that's still practically a lifetime away.


I don't want you to get the impression that we actually know what happens in this era. It's not as smoke-and-mirrors as times in the Planck scale, but it's very, very hazy stuff indeed. We do not yet have a single Grand Unified Theory that presents three of the four forces of nature in a coherent fashion. We have hints, we have clues, we have some scrappy-looking backwoods trails, but that's it.


At our best guess, as the universe expanded and cooled, at some point the energies lowered enough for the strong force to split away, delivering a solid GUT punch to the universe.


You'll see why that's more than just an amazing pun in a little bit.
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If you've ever made ice cubes, you've witnessed one of nature's minor miracles: a phase transition. There's nothing different about the water molecules themselves in liquid versus solid, yet at different temperatures those molecules exhibit wildly different properties. The phase transition marks the boundary between ice and not-ice, between free-flowing liquid and rigid crystal structures. It's abrupt, too, which is what makes phase transitions so fascinating. It's not like the water slowly and gradually transforms into ice, taking its sweet time. As soon as a critical threshold is reached, bam, now you're looking at a block of ice.


Go ahead and reach into your freezer for an ice cube. You may notice internal cracks and fissures. Hmmm. Usually we associate cracks with trauma; something made that defect. But how could something cause such a crack deep within the ice, where before there was only pure water?


The reason is that ice does take a little bit of time to form, after all, and it doesn't form as soon as the temperature hits its special point. You can hold (not with your hands!) liquid water below its freezing point for as long as you want. It takes a nucleation point, a trigger, to start the ice-forming party. Once a couple of molecules decide to line up in nice, neat regimented order, they convince their nearby relatives to join in, followed by their surrounding close friends, then coworkers, then acquaintances, then fellow standers in line, and so on, until the entire liquid is transformed.


But what if more than one spot gets the same idea at the same time? There's nothing stopping a bowl of water from having multiple nucleation points. And each nucleation point will choose a particular random orientation for its ice arrangement. The water will crystallize moving outward from each independent point, with each realm having a different configuration.


You'll still get ice, but it will be multiple arrangements of ice smashed together. One region, seeded by a particular nucleation point, might be of the up-down variety, while a neighboring region, seeded by an independent-minded point, might be of the more left-right persuasion.


And where those domains meet, you get a defect. A flaw in the ice that marks the boundary between two hostile neighbors. There's nothing you can do about that flaw, either; it's literally frozen into place.


Now, enough about cold water—let's talk about the hot universe. As the early universe expanded and cooled, it underwent dramatic phase transitions. One transition occurred when gravity (hypothetically) split off from the (speculative) unified force. We know hardly anything about that process and how it might affect the later universe, so I'm just going to skip it.


The next phase transition occurred when the strong force splintered from the (still pretty hypothetical) electronuclear force. And just as in a phase transition with liquid water cooling into ice, defects appeared.


These defects are strange beasts indeed and come in a suitable menagerie of horrors: The magnetic monopole. The cosmic string. The domain wall. Monsters of crippled space-time and exotic forces; relics of the ancient universe.
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