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Foreword to the UK Edition

People of the United Kingdom: eat more chocolate!  

Do it for queen and country. And also, for physics.

You see, the history of modern physics is studded with the accomplishments of English scientists. Names such as Isaac Newton, James Maxwell, and Paul Dirac stand as beacons on the road to uncovering the mysteries of nature and the puzzling but beautiful laws that govern it. 

But the key word here is history.  While some continue this glorious tradition (Peter Higgs and Stephen Hawking come to mind1) the sterling reputation of UK physics is at risk. If success is measured by the number of Nobel Prizes earned, then it’s hard not to note that the bulk of UK physics Nobel Prizes were awarded pre-1950. Stepping into that gap are your American colleagues, who have dominated the awards since 1950.
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What could explain such a decline?
   What is the secret to American success and the cause of the UK’s stumbles? Clearly, the answer is chocolate. A recent study found a strong correlation between the number of Nobel Prizes won and the amount of chocolate eaten by a nation’s citizens2. If you don’t believe us, take a look at the graph below.
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What is the exact connection between chocolate and Nobel Prizes? We have no idea. Perhaps eating a lot of chocolate somehow boosts the collective physics acumen of a population. Or perhaps winning a lot of Nobel Prizes somehow precipitates a greater hunger for chocolaty treats.

In any case, the path forward is clear.  You have a sacred duty to consume more chocolate.

Of course, if that sounds too unhealthy (the US also leads the UK in number of heart attacks), then perhaps simply reading books about physics is good enough. If so, then you can rest easy knowing you are already doing your part to raise the average level of physics knowledge in your country simply by having bought this book.

In fact, just in case, you might want to get a copy for your nieces and nephews, too. They may not like it as much as chocolate, but at least it’ll teach them about civic responsibility.



Introduction
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Would you like to know how the universe began, what it’s made of, and how it will end? To understand where time and space come from? To know whether we are alone in the universe?


Too bad! This book will not give you any of those answers.


Instead, this book is about all the things we don’t know about the universe: all the big questions that you might think we have already answered but actually haven’t.


We often hear on the news about some big discovery that answers a deep question about our universe. But how many people had heard of the question before they learned the answer? And how many big questions are still left unanswered? That’s what this book is for, to introduce you to the open questions.


In the pages ahead, we’ll explain what the biggest unanswered questions in the universe are and why they are still mysteries. By the end, you’ll have a deeper grasp of just how absurd it is to think that we have any clue what’s going on or how the universe really works. On the upside, at least you’ll have a clue as to why we don’t have a clue.


The point of the book is not to make you feel depressed about what we don’t know but to fill you with a sense of excitement about the incredible amount of uncharted territory left to explore. For each unsolved cosmic mystery, we will also reveal what the answers could mean for humans and what mind-blowing surprises could be hiding in each unknown. We will teach you to look at the world in a different way—by understanding what we don’t know, we can see that the future is still full of amazing possibilities.


So strap in, get comfortable, and get ready to explore the depths of our ignorance, because the first step in discovery is to know what is unknown. We are about to embark on a journey through the biggest mysteries in the universe.
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1.


What Is the Universe Made Of?


In Which You Learn You Are Quite Weird and Special
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If you are a human being (we’ll go with that assumption for now), then you probably can’t help but be a little curious about the world around you. It’s part of what it means to be human, and it’s part of why you picked up this book.


It’s not a new feeling. Since the dawn of time, people have wondered about the answers to some basic and very reasonable questions about the world around us:


What is the universe made of?


Are big rocks made of smaller rocks?


Why can’t we eat rocks?


What is it like to be a bat?1


The first question, “What is the universe made of?” is a pretty big question. It’s big not just because of the topic (it doesn’t get much bigger than the universe), but because asking what the universe is made of is relevant to everyone. It’s like asking what your house and everything in it (including you) are made out of. You don’t need a deep understanding of mathematics or physics to understand that this question affects each and every one of us.


Say you were the first person to ever try to answer the question “What is the universe made of?” A good approach would be to try the simplest, most naïve idea first. For example, you might say that the universe is made of the things we can see in it, so you could answer the question by making a list. Such a list might start like this:
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But this approach has major problems. First, your list is going to be very, very long. It needs to include every rock on every planet in the universe, and it needs to include your list itself (it’s also part of the universe). If you require that the list includes objects as well as the bits inside them, then it could be infinitely long. If you don’t require the list to mention the bits inside objects on the list, then you could have a list of one element: “the universe.” Clearly, this approach has big problems however you go about it.


But more important, making a list doesn’t really answer the question. The kind of answer that would be satisfying wouldn’t just record the complexity we see around us—the nearly infinite variety of stuff we see in our surroundings—it would simplify it for us, too. That is precisely the triumph of the periodic table of the elements (the one with oxygen, iron, carbon, etc.). It describes every object that humans have ever seen, touched, tasted,2 or thrown at each other, all in terms of around a hundred basic building blocks. It reveals that the universe is organized under the same principle as Legos. With the same set of tiny plastic blocks, you can make toy dinosaurs, airplanes, or pirates—or create your own hybrid flying dino-pirate.
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Just like Legos, a few basic building blocks (the elements) allow you to construct many things in our universe: stars, rocks, dust, ice cream, llamas. This organizing principle, where complex objects are really arrangements of simple objects, allows us to gain a deeper understanding by uncovering those simple objects.


But why does the universe follow the Lego philosophy? As far as we know, there is no reason why such a simplification is even possible. As far as the first cavemen and cavewomen scientists knew, the world could have worked in lots of different ways. All that cave scientists Ook and Groog had to base their ideas on was their experience, which was consistent with lots of different ideas about what the universe was made of.


It could have been that the number of kinds of stuff was nearly infinite. In such a universe, rocks could have been made out of elemental rock particles. Air could have been made out of elemental air particles. Elephants could have been made out of elemental elephant particles (let’s call them Dumbotrons). In that hypothetical universe, the table of the elements would have a nearly infinite number of items.
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Or, even weirder, we could have lived in a universe where things are not made of tiny particles at all. In such a universe, rocks would just be made of smooth rock-stuff that can be cut into smaller and smaller pieces forever, and the knife you use to cut them would be infinitely sharp.


Both of those ideas were consistent with the data collected by Professors Ook and Groog in their famous rock-banging experiments. We mention these possibilities not because we think this is how the universe works but to remind you that it could have been how our part of the universe works, and it might still be true for other kinds of matter in the universe that we have not yet explored.


That’s why the unanswered mysteries of the universe that you will discover in this book should make you feel inspired and excited rather than frustrated or demoralized. They reveal how much we have left to explore and discover.


In the universe we know and love, the things around us appear to be made out of tiny particles. After thousands of years of thought and research, we have a very fine theory of matter.3  From Ook and Groog’s first experiments to the modern day, we have surpassed the periodic table and peered inside the atom.


Matter as we know it is composed of atoms of the elements listed in the periodic table. Each atom has a nucleus surrounded by a cloud of electrons. The nucleus contains protons and neutrons, each of which is built from up quarks and down quarks. So, with up quarks, down quarks, and electrons, we can build any element from the periodic table. What an achievement! We boiled down our list of the universe’s ingredients from infinitely long to the hundred or so elements of the periodic table and then to only three particles. Everything we have ever seen, touched, smelled, or stubbed our toes on can be built from three basic building blocks. Congratulations to the collective work of millions of human brains.
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But while we should feel proud of ourselves as a species, this description is incomplete in two very important ways.


First, there are other particles out there, not just the electron and two quarks. Only these three particles are needed to make normal matter, but in the past century, particle physicists have discovered nine more matter particles and five other particles that transmit forces. Some of these particles are very strange, such as the ghostly neutrino particles that can travel trillions of miles through lead without bouncing off of a single particle.4 To neutrinos, lead is transparent. Other particles are very similar to the three particles that make up matter but are much, much heavier.
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Why do we have these extra particles? What are they for? Who invited them to the party? How many other kinds of particles are there? We don’t know. More than that: we have no idea. Some of these strange particles and their intriguing patterns will be discussed in detail in chapter 4.


But this description is incomplete in another very important way. While we need only three particles to build stars, planets, comets, and pickles, it turns out that these things make up only a tiny fraction of the universe. The kind of matter that we consider normal—because it’s the only kind we know—is actually fairly unusual. Of all of the stuff (matter and energy) in the universe, this kind of matter accounts for only about 5 percent of the total.


What is the other 95 percent of the universe made of? We don’t know.


If we drew a pie chart of the universe, it would look something like this:
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That pie looks pretty mysterious. Only 5 percent of it is stuff we know, including stars, planets, and everything on them. A full 27 percent is something we call “dark matter.” The other 68 percent of the universe is something we barely understand at all. Physicists call it “dark energy,” and we think it is causing the universe to expand, but that’s about all we know about it. We’ll explain both of these concepts and how we arrived at these exact figures in later chapters.


And it gets worse. Even within the 5 percent of stuff we know about, there are still a lot of things we don’t know (remember those extra particles?). In some cases, we don’t even know how to ask the right questions that will reveal these mysteries.


So this is where we stand as a species. Just a few paragraphs ago, we were congratulating ourselves on our incredible feats of intellectual exploration by describing all known matter in simple terms. Now that seems a bit premature, since most of the universe is made of something else. It’s like we’ve been studying an elephant for thousands of years and suddenly we discovered we’ve been looking only at its tail!


[image: Image Missing]


Learning this, you might feel a bit disappointed. Maybe you thought we had reached the peak of our understanding and mastery of the universe (we have robots that will vacuum your house for you, for Pete’s sake). But the important thing is to see this not as a disappointment but as an incredible opportunity: an opportunity to explore and learn and gain insight. What if you learned that we had explored only 5 percent of the land on Earth? Or that you had tasted only 5 percent of the world’s ice cream flavors? The scientist in you would demand a thorough explanation (as well as more spoons) and be excited at the possibility of new discoveries.


Think back to elementary school when you were learning about the exploits of history’s greatest explorers. They sailed into the unknown and discovered new lands and mapped the world. If you thought that sounded exciting, you might have also felt a twinge of sadness because now all the continents have been discovered, all the tiny islands have been named, and in this age of satellites and GPS, the era of exploration seems to be behind us. The good news is that this is not the case.


There’s a huge amount of exploration left to do. In fact, we are in the early days of a whole new age of exploration. We are entering a period that will likely redefine our understanding of the universe. On one hand, we know that we know very little (5 percent, remember?), so we have some ideas of what questions to ask. And, on the other hand, we are building awesome new tools, such as powerful new particle colliders and gravitational-wave detectors and telescopes that will help us get the answers. This is all coming together right now.
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The exciting thing is that the grand scientific mysteries have real, hard answers. We just don’t know what they are yet. There is a chance that they could be solved in our lifetimes. For example, there either is or is not intelligent life somewhere in the universe right now at this very moment. The answer exists (Mulder was right: the truth is out there). Learning these answers would change at a very basic level the way we think about the world.


The history of science is one of revolutions in which we discover each time that our view of the world was distorted by our particular perspective. A flat Earth, an Earth-centered solar system, a universe dominated by stars and planets—these were all reasonable ideas given the data at the time, but we now see them as embarrassingly naïve. Almost certainly, there are more such revolutions around the corner, in which important ideas we accept now, such as relativity and quantum physics, might be shattered and replaced with mind-blowing new ones. Two hundred years from now, people will probably look back at our understanding of how things work the same way we look at how cavemen and cavewomen understood their world.


The journey of the human race to understand our universe is far from over, and you get to be a part of it. We promise that the ride will be sweeter than pie.
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2.


What Is Dark Matter?


You’re Swimming in It


Here is a bar chart of the mass and energy in the universe as we know it:
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Physicists believe that an astounding 27 percent of the matter and energy in the known universe is made of something called “dark matter.” This means that most of the matter in the universe is not the kind we have been studying for centuries. There is five times as much of this mysterious matter as there is normal, familiar matter. In fact, it’s not really fair to call our matter “normal” when it’s actually quite rare in the universe.


So what is this dark matter? Is it dangerous? Will it stain your clothes? How do we know it’s there?


Dark matter is everywhere. In fact, you’re probably swimming in it. Its existence was first proposed in the 1920s and first taken seriously in the 1960s when astronomers noticed something odd about how galaxies were spinning and what it meant for how much mass was inside them.


Ways We Know Dark Matter Is There


1.	Spinning Galaxies


To understand the connection between dark matter and spinning galaxies, imagine putting a whole bunch of Ping-Pong balls in a merry-go-round. Now imagine giving it a spin. You would expect the Ping-Pong balls to fly off the edge of the merry-go-round. A spinning galaxy works almost the same way.5 Because the galaxy is rotating, the stars in it tend to want to fly off outward. The only thing holding them together is the force of gravity from all the mass present in the galaxy (gravity pulls things with mass together). The faster the galaxy spins, the more mass you need to hold all the stars in. Conversely, knowing the mass of the galaxy means you can predict how fast the galaxy can spin.


Astronomers at first tried to guess the mass of galaxies by counting the number of stars in them. But when they used this number to compute how fast galaxies should be spinning, something didn’t match up. Measurements showed that the galaxies were spinning faster than was predicted by how many stars they contained. In other words, the stars should be flying off the edges of the galaxies, just like the Ping-Pong balls in the merry-go-round. In order to explain the high rotation speed, astronomers needed to add a huge amount of mass to the galaxies in their calculation so all the stars held together. But they couldn’t see where this mass was. This contradiction could be resolved if you assumed there was a huge amount of some kind of heavy stuff that was invisible, or “dark,” in each galaxy.


This claim was quite extraordinary. And as the famous astronomer Carl Sagan once said, “Extraordinary claims require extraordinary evidence.” So this strange conundrum existed in the astronomy community for decades without being understood. As the years went by, the existence of this mysterious invisible heavy stuff (or dark matter, as it became known) started to be more and more widely accepted.
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2.	Gravitational Lensing


Another important clue that convinced scientists that dark matter was real was the observation that it can bend light. This is called gravitational lensing.


Astronomers would sometimes look out into the sky and spot something strange. They would see the image of a galaxy coming from one direction. There’s nothing weird about that, but if they moved the telescope a tiny bit, they would see the image of another galaxy that looked very similar to the first galaxy. The shape, the color, and the light that came from these galaxies were so similar, astronomers were sure they were the same galaxy. But how could this be? How could the same galaxy appear twice in the sky?
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Seeing the same galaxy twice makes perfect sense if there is something heavy (and invisible) sitting between you and this galaxy; this invisible heavy blob can act like a giant lens, bending the light from the galaxy so it appears to be coming from two directions.


Imagine that light leaves this galaxy in all directions. Now picture two light particles, known as photons, coming from that galaxy and headed slightly to either side of you. If there is something heavy between you and that galaxy, the gravity from that object will distort the space around it, causing the light particles to curve toward you.6
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On Earth, you see this in your telescope as two images of the same galaxy coming from different directions in the sky. This effect was observed all over the night sky; the heavy and invisible stuff seemed to be everywhere. Dark matter was soon no longer a crazy idea. There was evidence for it wherever we looked.


3.	Colliding Galaxies


The most convincing single piece of evidence for dark matter came when we observed a giant galactic collision in space. Two clusters of galaxies crashed into each other millions of years ago in an epic event; we missed the collision itself, but since the light from it takes millions of years to reach us, we can sit back and comfortably watch the resulting explosions.
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As the two galaxy clusters slammed into each other, the gas and dust from the two clusters collided with spectacular results: big explosions, giant clouds of dust getting ripped apart. It’s a special-effects extravaganza. If it helps, visualize the collision of two huge piles of water balloons tossed at each other at crazy high speed.


But astronomers also noticed something else. Close to the collision site, they noticed two giant clusters of dark matter; of course, this dark matter was invisible, but they could spot it indirectly by measuring the distortion the clusters were causing to the light from the galaxies behind them. These two dark matter clusters seemed to be moving along the line of collision as if nothing had happened.


What astronomers have pieced together is this: there were two galaxy clusters, each with both regular matter (mostly gas and dust with some stars) and dark matter. When the two clusters collided, most of the gas and dust crashed together in the way you expect normal matter to do. But what happens when dark matter bumps into other dark matter? Nothing that we could detect! The clusters of dark matter kept going and passed through each other—almost as if they were invisible to each other. The stars also mostly passed through, because they were so sparse.


Enormous blobs of matter, bigger than many galaxies, passed right through each other. In essence, the collision stripped the gas and dust from these galaxies.
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What We Know about Dark Matter


At this point, it should be pretty clear that dark matter exists and that it is something strange and different from the matter we are familiar with. Here’s what we know about dark matter:




	It has mass.


	It’s invisible.


	It likes to hang out with galaxies.


	Regular matter can’t seem to touch it.


	Other dark matter can’t seem to touch it either.7



	It has a cool name.





By now, you are probably thinking, Man, I wish I were made of dark matter. I’d be an awesome superhero. No? Okay, maybe that’s just us.


One thing we know about dark matter is that it’s not hiding far away. Dark matter tends to clump together in massive blobs that float in space and hang out with galaxies. That means there is a very high likelihood that dark matter surrounds you at this very moment. As you read this page, dark matter is very probably passing through this book and through you. But if it is all around us, why is it such a mystery? Why can’t you see it or touch it? How can something be there but not be seen?


It’s hard to study dark matter because we can’t interact with it very much. We can’t see it (that’s why it’s called “dark”), but we know that it has mass (that’s why it’s called “matter”). To explain how this is all possible, we first have to think about how regular matter interacts.


How Matter Interacts


There are four major ways that matter interacts:


Gravity


If two things have mass, they will feel an attractive force toward each other.


Electromagnetism


This is the force that two particles feel if they have an electric charge. It can be attractive or repelling depending on whether the charges are different or the same.
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You actually feel this force in your everyday life. If you press down on this book, the reason the paper doesn’t get crushed, or the reason your hand doesn’t go through the paper, is that the molecules inside the book are holding on tightly to one another with electromagnetic bonds and repelling the molecules in your hand.


Electromagnetism is also responsible for light and, of course, electricity and magnetism. We will talk more about light and the deep connections between particles and forces later on.


The Weak Nuclear Force


This force is similar in many ways to electromagnetism but is much, much weaker. For example, neutrinos use this force to interact (weakly!) with other particles. At very high energies, the weak force becomes as strong as electromagnetism and has been shown to be just one part of a unified force called “electroweak.”
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The Strong Nuclear Force


This is the force that keeps the protons and neutrons stuck together inside an atom’s core. Without it, all those positively charged protons in the nucleus would simply repel one another and fly away.


How Dark Matter Interacts


It’s important to note that this list of forces is only descriptive. Sometimes physics is like botany in that way. We don’t understand why any of these forces exists. This is just a list of the things we’ve observed. We don’t even know if this list is complete. But so far we can explain every experiment done in particle physics using these four forces.


So why is dark matter so dark? Well, dark matter has mass, so it feels gravity. But that’s about all we know for certain about its interactions. We think that it doesn’t have electromagnetic interactions. As far as we know, it doesn’t reflect light or give off light, which is why it’s hard for us to see it directly. Dark matter also doesn’t seem to have weak or strong nuclear interactions.


So, barring any new undiscovered kind of interaction, it appears that dark matter cannot interact with us, or our telescopes or detectors, using any of the normal mechanisms. That makes it very hard to study.
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Of the four fundamental ways that we know things interact, the only one that we know for sure applies to dark matter is gravity. This is where the “matter” in dark matter comes from. Dark matter has stuff to it. It has mass, and if it has mass, it feels gravity.


How Can We Study Dark Matter?


We hope that we convinced you that dark matter exists. Something is definitely out there keeping stars from flying off into empty space, bending light from galaxies, and walking away from giant cosmic collisions the way action heroes walk away from car explosions in slow motion (without looking back). Dark matter is cool like that.


But the question remains: what is dark matter made of? We can’t pretend to have an answer to the bigger question of what the universe is made of if we only study the easiest 5 percent. We can’t ignore the whopping 27 percent that is dark matter. The short answer is that we still have very little idea what dark matter is. We know that it is there, how much of it there is, and roughly where it is, but we don’t know what kind of particles it’s made of—or even that it is made of particles. Remember that we need to be careful about extrapolating from one unusual kind of matter to the entire universe.8 Keeping an open mind is necessary to make the kind of discoveries that change the way we think about the universe and our place in it.


To make progress, we need to examine some specific ideas, explore their consequences, and design experiments to test them. It’s possible that dark matter is made of dancing cosmic purple elephants built out of a new and bizarre undetectable particle, but since that theory is difficult to test, it is not a top science priority.9


[image: Image Missing]


A simple and concrete idea is that dark matter is made of a new kind of particle that uses a new kind of force to interact very, very weakly with normal matter. Why consider only one new particle? Because it’s the simplest idea, so it makes sense to tackle it first. It is definitely possible that dark matter is made of several kinds of particles like normal matter; these dark particles could have all sorts of interesting interactions, resulting in dark chemistry, perhaps even dark biology, dark life, and dark turkeys (a frightening thought).


This candidate particle is known by the acronym WIMP, which stands for Weakly Interacting Massive Particle (i.e., something with mass that interacts weakly with regular matter). We speculate that it might use a new hypothetical force to interact with our kind of matter at about the same level as neutrinos do, which is very, very little. For a while, people considered other ideas, such as really huge blobs of normal matter the size of Jupiter. To distinguish them from WIMPs, they were given the nickname MACHOs (Massive Astrophysical Compact Halo Objects).
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How do we know that dark matter particles interact with normal matter through other forces besides gravity? We don’t. We hope they do, because that would make them much easier to detect. So we try the very difficult experiments before we try the almost impossible experiments.


Physicists have built experiments designed to detect these hypothetical dark matter particles. One classic strategy is to fill a container with a cold compressed noble gas and surround the container with detectors that go off when one atom of the gas gets bumped by dark matter. So far, these experiments have not seen any evidence of dark matter, but they are only now getting big enough and sensitive enough that we might expect them to detect dark matter.


Another approach is to try to create dark matter using a high-energy particle collider, which boosts normal matter particles (protons or electrons) to crazy high speeds and smashes them together. That’s pretty awesome in and of itself, but it has the added benefit of being able to explore the universe for new particles. They have this power because they can turn one kind of matter into other kinds of matter. When particles smash together, they don’t just rearrange the pieces inside them into new configurations; the old matter is annihilated and new forms of matter are made. It’s like alchemy (we’re not kidding) at a subatomic level. This means you can almost, with some limitations, make any kind of particle that can exist without knowing in advance what you are looking for. Scientists are examining the collisions to look for evidence that some of them lead to the creation of dark matter particles.


A third approach is to point our telescopes at places where we think there are high concentrations of dark matter. The closest one to us is the center of our galaxy, which seems to have a very large blob of dark matter. The idea is that two dark matter particles might randomly collide and annihilate each other. If dark matter has some way of interacting with itself, then dark matter particles could collide and turn into particles of normal matter, just as two normal matter particles can collide to create dark matter.10 If this happens often enough, some of the resulting normal matter particles will have a particular distribution of energy and location that lets our telescopes identify them as likely to have come from dark matter collisions. But understanding this requires us to know a lot about what is happening at the center of the galaxy, which is another entirely separate set of mysteries.


Why This Matters


Dark matter is a big clue that for all of our discoveries and progress we are mostly still in the dark about the nature of the universe. In terms of our understanding, we are at the same level as cave scientists Ook and Groog. Dark matter is not even in our current mathematical or physical models of the universe. There is a large amount of stuff out there silently pulling on us, and we don’t know what it is. We can’t possibly claim to understand our universe without understanding this huge part of it.


Now, before you start feeling paranoid about weird, dark, mysterious stuff floating all around you, consider this: what if dark matter is something awesome?


Dark matter is made of something that we have no direct experience with. It’s something we haven’t seen before, and it might behave in ways we haven’t imagined.


Think of the amazing potential that exists here.
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What if dark matter is made of some new kind of particle that we are able to produce and harness in high-energy colliders? Or what if in discovering what it is, we figure out something about the laws of physics we didn’t know about before, such as a new fundamental interaction or a new way that the existing interactions can work? And what if this new discovery lets us manipulate regular matter in new ways?


Imagine you’ve been playing a game your whole life, and suddenly you realize that there are special rules or special new pieces you could be playing with. What amazing technology or understanding could be unlocked by figuring out what dark matter is and how it works?


We can’t stay in the dark about it forever. Just because it’s dark doesn’t mean it doesn’t matter.
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3.


What Is Dark Energy?


In Which Your Mind Is Exploded by Our Expanding Universe


You might be reeling from the fact that everything you thought you knew about the universe would barely get a 5 percent score on a standardized test administered by a race of smart star-traveling alien beings. Let’s face it, your chances of attending alien university are probably pretty low.11 To recap what we know as a human species, here is a stacked column chart of the universe (sorry, we’re running out of chart types):
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Imagine thinking all your life that you had an amazing and spacious house, and that it occupied your entire sense of everything there was. Then one day you discover it’s actually only the bottom five floors in a one-hundred-story luxury apartment building. Suddenly, your living situation just got more complicated. Twenty-seven of those other floors belong to something heavy but invisible that we’re calling dark matter. They might be cool neighbors or they might be weird neighbors. For some reason, they keep avoiding you in the hallways.


Fully sixty-eight of the other floors are nearly a complete mystery. This remaining 68 percent of the universe is what physicists are calling “dark energy.” It’s the biggest chunk of reality, and we have almost no idea what it is.


First, you might be wondering why it’s called dark energy. The truth is that we could have called it anything.12 Why anything? Because we know almost nothing about it except that it is causing the universe to expand very rapidly.


The second question you might have is “How do we know it’s there?” And the answer is: quite by accident. It came as a total surprise to scientists, who were actually trying to answer a different question. They were trying to measure how quickly the expansion of the universe was slowing down, and instead they stumbled onto the fact that it wasn’t slowing down at all but was expanding faster and faster. It’s time to walk up the stairs and find out what these mysterious upper floors are all about.


[image: Image Missing]


Our Expanding Universe


To understand just how amazing and crazy it is that over two-thirds of the energy budget of the universe was discovered while looking for something else, we have to go back and start with the initial question that led to its discovery:




Does our universe have a beginning, or has it existed in its present form forever?





This might seem like a simple question, but it’s actually quite profound. As recently as one hundred years ago, most sensible scientists thought it was obvious that the universe had been as it is for eternity and would continue to be that way forever. It had not even occurred to most people that our universe was changing. To them, all the stars and planets existed in a perpetual state of suspended motion, like a mobile hanging from the ceiling or a room full of clocks that never stop.


But then one day astronomers started noticing something odd. They measured the light from our surrounding stars and galaxies, and concluded that everything was moving apart from everything else. The universe wasn’t just sitting there … it was expanding.


And if the universe had always been expanding, it meant that it’s bigger now than it used to be. And if you continued to think this way and went back in time, you could imagine that the universe at some point was very small.


[image: Image Missing]


Many physicists thought this was ridiculous and sarcastically called this theory the “Big Bang.” If those scientists were living today, they would probably put their fingers up in the air, roll their eyes, and make ironic air quotes whenever they said it. It was a term meant to embarrass those who proposed this idea, but somehow it stuck. You know that something’s fundamentally changing our understanding of the universe when physicists start getting snarky.
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So astronomers discovered in 1931 that the universe was expanding, which meant that it could be growing outward from an initial very, very13 dense dot. (Note that this dot was not floating in some larger space, it was all of space. More on this crazy new way of thinking about space in chapter 7.) There were still some theories of a non–Big Bang universe consistent with the discovered expansion, but these theories required new matter to be constantly created to keep the expanding universe at the current density.


If the universe had a beginning, then it makes you immediately wonder about whether it will have an end. What could possibly bring this enormous, majestic, and wonderfully strange place to an end? And most important, do you have time to finish that novel you have been working on forever?


What could possibly cause the universe to end? The answer is our old friend gravity.


Remember that while all the stuff in the universe is shooting out from the cosmic explosion of the Big Bang, gravity is working in the other direction. Every bit of matter in the universe feels gravity, which is doing its best to pull the universe back together. What does that mean for the eventual fate of the universe? People had several ideas (see the next page).


Here’s the mind-blowing part. The actual answer is: none of these! The truth, as strange as it might be, is a secret fourth option that only a few scientists considered (because it seemed totally crazy):


[image: Image Missing]




Some incredibly powerful and mysterious force is expanding space itself so the universe is growing faster and faster.





This fourth option is the only one consistent with what we observe about our universe.
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How We Know the Universe Is Expanding


This question of the fate of the universe seems like a very important one, but you can relax. The future we are discussing is billions and billions of years away regardless of what happens. You have time to finish your best-selling novel and even write a sequel. But this topic is important to us because, when we find answers to big questions like these, we also understand more about how our universe works. Sometimes, in asking these questions, we learn something surprising that can affect our day-to-day existence. For example, do you appreciate the GPS feature on your phone? An accurate GPS system is possible only because Einstein had questions about what happens when things move at the speed of light, which doesn’t happen often here on Earth. But this led to the development of relativity, without which GPS would not be accurate.


To predict the eventual fate of the universe, scientists needed to know how quickly the universe is expanding. They did this by measuring the speed at which the galaxies around us are moving away from us.


First, you should understand that in an expanding universe everything is moving away from everything else, not just away from the center. Imagine we are a raisin in a universe-size loaf of raisin bread. As the bread bakes and rises, all the raisins move away from all the other raisins, but the raisins stay the same size.
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But to know the fate of the universe, we want to know whether this expansion is changing: are other galaxies moving away from us more slowly now than they were a few billion years ago? Or are they moving away from us more quickly than they were a few billion years ago? What we want to know is how the rate of expansion is changing over time. To see this, we need to know how fast things were moving away from us in the past and compare that with how fast things are moving away from us now.


Seeing the future is very difficult, but for astronomers, looking into the past is easy. Since the universe is so enormous and light has a finite speed, it takes the light from distant objects a long time to reach the Earth. This means that light from stars very far away is very old light, and the information it carries is also old. Looking at this light is like looking backward in time.
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And it works the other way, too. If aliens on a planet that is really far away are looking at the Earth through their telescopes, they see light that left the Earth a long time ago. Right now, they could be watching that extremely embarrassing incident that happened to you years ago (you know which one).


So, the farther away an object is, the older the light we see and the further back in time we can look. This means that if we see faraway objects moving at one speed, and then we see closer objects moving at another speed, we can deduce that the speed of things has changed with time. We can measure the speed of a distant star from the shift in the frequency spectrum of its light using the same technique (the Doppler effect) that the police use to give you speeding tickets. The faster a star is moving away from us, the redder its light will be.


Knowing how far away things are required some clever sciencing.14 For example, how do you tell the difference between a dim star that’s close by and a bright star that’s far away? Through a telescope, they look the same: like little dim points of light in the night. That was true until scientists identified a special kind of star, one that very predictably did the same thing everywhere in the universe. Because of their size and composition, these special stars grow at the same rate, and when they reach a certain size, they always do the same thing: they explode. Or to be more accurate, they implode, but the implosion is so violent, it generates a corresponding big explosion.15 This type of explosion is called a type Ia supernova. What’s useful about these supernovae is that, generally speaking, they all explode in a similar way. This means that, after some calibration, if you see one that’s dim, you know it’s far away, and if you see one that’s bright, you know it’s nearby. It’s like the universe put these identical beacons everywhere just so we know how big and awesome it is (the universe is mysterious but not humble).
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Astronomers call these type Ia supernovae “standard candles” (they’re romantic like that). With them, astronomers could tell how far away (and therefore how old) distant objects were, and using the Doppler shift, they could tell how fast they were going. This meant astronomers could measure how the expansion of the universe was changing.


Shortly after realizing this, two teams of scientists raced against each other to measure the rate of expansion of the universe. But finding supernovae is not easy because they are short-lived explosions. To catch one, you have to constantly scan the sky for stars and spot the ones that suddenly get much brighter and then dimmer so it took a while.


The two teams assumed that the expansion of the universe should either be slowing down or staying the same. This is a reasonable assumption. If the universe exploded, and gravity is trying to pull everything back in, then there are only two options: either gravity wins and things get pulled back in, or it loses and everything keeps expanding steadily.


When the scientists measured these supernovae and calculated the rate at which the universe was expanding, they expected gravity to be winning. That is, they expected to find that more distant stars (the ones in the past) were moving away more quickly than closer stars (the ones closer to the present). Instead, they were flummoxed to discover the opposite: that stars seem to be moving away from us more quickly now than they were in the past. In other words, the universe is expanding faster now than it was before.
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Let’s take a moment to consider just how unexpected this result was. In the astronomers’ minds, there were two things: a universe that exploded a long time ago and gravity, which is trying to pull it all together again. Instead, there is a critical third piece: the size of space itself. As we will discuss in gory detail in chapter 7, space is not a static empty backdrop on which the theater of the universe plays out. It is a physical thing that can bend (in the presence of massive objects), ripple (called gravitational waves), or expand. And it appears that it is expanding—and quickly. Space is rushing to get bigger. Something is creating more space, which pushes everything in the universe outward.
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