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“Bryan Gaensler guides you on a joyous romp through the extreme Universe—providing just a taste of the biggest, the smallest, the hottest, the coldest, and the oldest…Gaensler’s book is so good I am going to steal some of his ideas for my lectures! I have no higher praise!”

—Professor Robert P. Kirshner, Harvard University, author of The Extravagant Universe

“The study of the Universe involves, by and large, the study of exotic extremes. Bryan Gaensler’s book ably takes readers on a gentle journey to these sometimes violent realms, by relating the most exotic phenomena to measurements we might make of everyday things. In this way, readers may get an intuitive feel for these vast and mysterious wonders of nature.”

—Professor Lawrence M. Krauss, Arizona State University and Australian National University, author of The Physics of Star Trek and Quantum Man: Richard Feynman’s Life in Science

“The ‘extreme’ phenomena are of special interest because it’s important not only to understand them, but also to use them as a ‘cosmic laboratory,’ where nature has performed experiments that we could never do in the lab: They allow us to test the laws of physics to their limits, and perhaps discover new ones. This book gives a fine and accessible overview of a fascinating and fast-moving field.”

—Professor Martin J. Rees, Cambridge University, Astronomer Royal, author and former president of the Royal Society

“At last! An up-to-date, authoritative answer to all those baffling questions about the biggest, brightest, fastest, heaviest, and loudest things in the Universe…If you’ve ever wondered just how bizarre the Universe can get, Extreme Cosmos is the ultimate read!”

—Professor Fred Watson, Astronomer in Charge, Australian Astronomical Observatory

“You have to read this book. First, it’s about the most amazing stuff you can imagine, and can’t imagine. Imagine a star with a magnetic field so powerful it can wipe your credit card from half a million kilometers away…Second, Bryan Gaensler is having a stellar career in astronomy/astrophysics, and is the right person to write about our extreme Universe.”

—Dr. Karl S. Kruszelnicki, scientist, author, and science commentator
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PREFACE

When I first came up with the idea that eventually became this book, I thought it would be an easy thing to write. Most of the ideas and stories were already in my head, and it was just going to be a case of putting them down on paper. But the reality was far more complicated: The answers usually turned out to be far less simple than I first thought, and sometimes I realized that I didn’t really understand the topic at all. The final product ended up taking two years of solid effort, and was only made possible thanks to input from a wide range of people and sources.

First and foremost, I thank the worldwide community of astronomers, whose passion and enthusiasm for their field have led to all the discoveries described here. I also must acknowledge the incredible resource that is the NASA Astrophysics Data System. This spectacular database contains an index of virtually every scientific article ever published in astronomy, and proved to be invaluable in tracking down and verifying the many results and calculations that I needed. I further thank the many astronomers who generously provided me with additional data and information: Matthew Bailes, Tim Bedding, Chris Blake, Warren Brown, Iver Cairns, Paul Crowther, Glennys Farrar, Lilia Ferrario, Craig Heinke, David Helfand, Rob Hollow, Michael Ireland, Melanie Johnston-Hollitt, Geraint Lewis, Charley Lineweaver, Erik Mamajek, Don Melrose, Michael Scholz, Peter Tuthill, Gentaro Watanabe, Mike Wheatland, and Matias Zaldarriaga.

I am grateful to Phillipa McGuinness, Jane McCredie, and their team at NewSouth Publishing for their role in bringing this book to fruition, and for their patience with a manuscript that was a long time in the making. I offer special thanks to Stephen Pincock, who sought me out, planted in my head the idea of writing a book, worked with me to develop the concept of Extreme Cosmos, and provided careful and thoughtful feedback on every chapter. I also thank Chris Hales, who enthusiastically sourced and researched many of the details, and who also offered many thoughtful comments on the text.

Finally, I offer my deepest, most sincere thanks to the amazing Laura Beth Bugg who, as always, has been my muse and inspiration. She took on the role of single parent while I sank so much time into this book, encouraged me to keep going when I was ready to give up, and pored over every word I wrote. She helped me to make this a work I can be proud of—I could not have done this without her.

Bryan Gaensler


INTRODUCTION

As a child, I loved reading about science. Descriptions of bizarre, long-extinct dinosaurs, explanations of the destructive power of volcanoes, and illustrations showing the different organs in the human body, I absorbed it all.

But astronomy held a special place for me, even then. Astronomy was different. Books about other parts of science told me all about how things worked, and listed all the things scientists had been able to figure out. It seemed that all the big questions had mostly been answered, and we now were merely sorting out the details. In contrast, books on astronomy seemed to focus not on what we knew, but on what we didn’t know.

And what we didn’t know was a lot. Astronomy grabbed my attention because there were far more mysteries than answers. What is “dark matter”? What’s inside a black hole? Is there life on Mars? Science was supposed to be all about discovering things, and it seemed to my young mind that most of the discoveries still to be made were in astronomy.

So I decided very early on, maybe when I was only about five years old, that I wanted to be an astronomer. It started with a fantastic book that my parents gave me, called Album of Astronomy. This book (which I still have) took the reader on a stunning tour of the solar system, the Milky Way Galaxy, and beyond. From the intense heat of Mercury and Venus and the fiery nuclear fusion reactions that power the Sun, to the glittering vast majesty of distant spiral galaxies and the unimaginable beginning of everything in the Big Bang, there were things out there incredibly foreign and alien to all my entire life experiences to that point. I was hooked.

As I got older, my fascination with the heavens only grew. In third grade I wrote a textbook on astronomy for my school library. When I was 12, I used my pocket money to buy a telescope, and then stayed up all night to watch Halley’s Comet. And I begged my high school teachers to spend less time talking about chemistry or geology, and more time on astronomy.

Decades later, it’s a huge thrill that astronomy is what I actually now get to do for a career. It’s a thrill because what first attracted me to this topic as a child turned out to be true. Astronomy is still the unexplored frontier, and mind-blowing discoveries are still made all the time.

But there are two things about being an astronomer that did not turn out the way I expected—two things I didn’t truly appreciate as a child, that only became apparent once I began my career. It’s because of these two realizations that I’ve written this book.

Finding stars or understanding them?

When I was young I very much hoped and expected that my main activity as a professional astronomer would be to discover new stars.

And I have indeed been able to discover a few new stars during my career. I remember vividly the moment when I first discovered a star, in 1994. I was sitting at my computer screen looking through my data, and there it was—an object that no other human in history had ever gazed upon. I sat quietly for a few minutes, alone with my discovery, cherishing the fact that there was something out there that only I knew about.

But inevitably astronomy and science are all about sharing your ideas and discoveries. I emailed my colleagues to tell them what I had found, and in time we published our results in a scientific journal, for others to consider and study further.

The star I discovered is now known as “PSR J1024-0719,” and is approximately 1,700 light-years (10,000 trillion miles) from Earth in the constellation Sextans. It’s far too faint to see with the naked eye, but sits high in the sky in the evenings of March and April each year. While I have not ever studied or looked at PSR J1024-0719 again since that moment of discovery, it will always hold a special place for me as a mark of the beginning of my cosmic adventures.

However, despite the thrill of such discoveries, astronomy is not just about finding new stars.

It turns out to be quite easy to discover a star. Take any large telescope, point it in some random direction, and make a picture of the corresponding small patch of night sky on which the telescope is focused. The resulting image will be filled with stars, and almost all of them will be stars that no one has ever seen before. These stars will not have names, they will never have appeared in any catalogs, and almost nothing will be known about them.

As an astronomer, it’s thus tempting to devote one’s career to trying to find and catalog as many of these stars as possible. However, the reality is that many of these new stars will be rather plain and uninteresting, no different from the millions of stars that have already been named, cataloged, and classified. Sometimes a star turns out to be especially interesting or unusual (and I’ll be introducing you to some of those stars throughout this book), but these special stars are extremely rare, and it isn’t apparent that they are special or notable objects until astronomers have subjected them to considerable further study.

It’s natural and understandable that I was excited when I made my discovery of PSR J1024-0719. But at the same time, it’s important to appreciate that the goal of astronomy is not to catalog and collect, but to understand. Astronomers aren’t motivated by the need to merely count stars or to determine their coordinates, but by the desire to determine what stars are and why they shine. Ultimately, astronomers seek to answer some of the biggest questions of all: Where did we come from? How will things end?

This is not to suggest that finding stars, measuring their properties, and putting them into catalogs are not hugely important parts of astronomy. Some of the largest and most important projects in astronomy have been massive efforts to carefully map and classify the objects in the night sky. These range from the landmark Henry Draper Catalogue of 225,300 stars completed in 1924, to the spectacularly successful Sloan Digital Sky Survey, which began in 2000 and has so far cataloged more than 500 million stars and galaxies.

However, the important thing to realize is that astronomers undertake these huge efforts because we can then use the completed catalogs to understand new things about stars, galaxies, and the cosmos.

So while, as a child, my ambition was to discover new stars, my goal now is to discover new things about how the Universe works. The latter approach far better captures what astronomers do, and why we’re so dedicated to the cause. Like the young child who is always asking “Why?” we simply seek to understand the world around us.

Billions and billions

As a child I loved the idea that numbers go on forever. Every book has a last page. On every film, the credits eventually roll. And even if you read the biggest dictionary you can find, you will eventually run out of words to discover. But numbers don’t have these limitations. A million, a billion, a trillion, a quadrillion…even after we run out of names for big numbers, they keep getting bigger.

But while I loved the idea of numbers beyond counting, I was intimidated by the fact that I couldn’t really conceive what these numbers meant. What could “a billion stars” or “a million galaxies” actually mean? I wanted to be an astronomer because that way I could hold numbers such as these in my head and truly understand them.

But I now know that astronomers don’t have some special way of looking at the sky. We cannot conceive a true understanding of just how big and complicated the Universe is any more than can anyone else. For example, while I was writing this book, American astronomers announced that they had recalculated the total number of stars in the observable Universe. Previous estimates had put this figure at 100,000,000,000,000,000,000,000 (100 sextillion) stars, but the new calculation showed that this number was more like 300,000,000,000,000,000,000,000 (300 sextillion) stars. Clearly the count of the total number of stars has tripled thanks to this new discovery, but both 100 sextillion and 300 sextillion are equally incomprehensible, as much to a professional astronomer as to anyone else. Our minds evolved to hunt for food, to avoid dangerous animals, and to interact with other human beings. Accordingly, we can think in terms of hours, months, and years, and can visualize distances in yards or miles, but numbers much bigger than this lose their meaning. The scale and scope of the Universe go far beyond what our minds are capable of processing.

Nevertheless, all is not lost. Mathematics and physics are incredible tools, because they allow us to study and understand the Universe, even when the numbers associated with astronomy are so far beyond our experience that they virtually have no meaning. What I now appreciate is that we can simultaneously be overwhelmed by the sheer scale confronting us, and yet still appreciate the extraordinary power, wonder, and beauty of the cosmos.

Extreme cosmos

In this book I want to convey to you just how far beyond our everyday experience the Universe extends in every imaginable way. But at the same time, I hope Extreme Cosmos will help you appreciate how truly remarkable it is that we can nevertheless make these measurements and write them down. What’s more, in most cases we think we understand what these objects are, how they formed, and why they have their incredible properties.

In the chapters ahead, I’ve chosen 10 different concepts that we all experience on a daily basis: temperature, light, time, size, speed, mass, sound, electricity/magnetism, gravity, and density. For each of these there are extremes to our experience: We’ve all felt blazing heat and bitter cold; we’ve seen a jet plane speed overhead and watched a snail creep through the garden. In each chapter of this book I will start with these everyday ideas, but will then build a bridge to objects throughout the Universe with properties far beyond what any of us are capable of genuinely understanding. Sometimes I’ll only be able to take you to one end of the spectrum: For example, for extremes of speed in chapter 5, we’ll look at some of the fastest things in the Universe, but it’s hard to ask or answer the question as to which stars are moving the slowest, because the vast majority of stars are moving much slower than our telescopes are capable of measuring. In other chapters it will make sense to explore both extremes: For example, in chapter 1, I’ll be able to show you some of the limits of both hot and cold throughout the cosmos.

In writing this book, I want to convey the two things I have learned about astronomy in my journey from excited stargazing child to career scientist. I want to share with you that astronomy is so much more than finding new stars. And I want you to be assured that even though the numbers that describe the cosmos are utterly incomprehensible to our mere human minds, the remarkable beauty, diversity, and elegance that underpin these measurements are still deserving of our wonder and appreciation.

And finally, before we begin this journey, a caveat. In each chapter that follows, I’ve focused on a particular type of measurement, and tried to be as definitive as possible as to how the Universe pushes such measurements to the extreme. But definitive is not a term that’s easily applied when studying the cosmos. For example, I can describe to you the deepest known note in the Universe (for the answer, see chapter 7). But I can’t tell you with certainty that this is assuredly the deepest note to be found anywhere in the Universe, because there’s so much of the Universe that we are yet to look at. Instead, all I can offer is our findings based on the objects that astronomers so far have been able to study.

What’s more, sometimes the measurements involved are rough and uncertain. Later I suggest what might be the heaviest black hole in the Universe (see chapter 6). However, the masses of black holes are necessarily very crude, and my claims are limited by this uncertainty in our data.

Finally, astronomy is a dynamic, burgeoning field. New discoveries are made on a daily basis, and records are inevitably shattered. Even in cases where I can write with confidence and certainty, such as for the case of the most luminous object ever seen in the Universe (see chapter 2), an even more extraordinary object will no doubt soon come along to surpass it.

I was first attracted to astronomy because there was so much still to understand. Decades later, I remain thrilled by the realization that there is an endless road of discovery and delight ahead.


1

EXTREMES

OF TEMPERATURE

As planets go, Earth is a pretty hospitable place. It is, after all, teeming with life-forms that need temperatures to be neither too cold nor too hot. But anyone who has visited the Australian desert in summer, or spent a winter’s night in Canada, will know that even our “just right” home planet is capable of conjuring up an incredible range of surface temperatures, well beyond the narrow comfort zone that we fragile humans can comfortably handle. Earth’s extremes range from 136°F recorded in 1922 in Al ‘Aziziyah in Libya, down to the bone-chilling –128°F in 1983 at Vostok Station in Antarctica. And of course most of the Earth’s interior is much hotter than anywhere on the surface, while some parts of the Earth’s atmosphere are far colder.

But the harshest climates that the Earth can offer are nothing compared to what is found elsewhere in the Universe. Throughout the deep reaches of the cosmos, there are places trillions of times hotter than the hottest sauna, and other places so cold they make Toronto on New Year’s Eve seem like a beach picnic.

Hot and hidden

Let’s first think about what “hot” and “cold” really mean.

Matter in its usual forms (solid, liquid, or gas) is made up of atoms and molecules. In a solid, the atoms or molecules are all held rigidly in place like interlocking pieces of a jigsaw puzzle. In a liquid, particles can move around but generally still remain clumped into large groups. And in a gas, every atom or molecule acts independently, and is free to travel wherever it desires.

However, what solids, liquids, and gases have in common is that their constituent atoms or molecules are all endlessly quivering and shaking. In a solid, each particle never moves far from its designated location, but every atom nevertheless jitters back and forth. (Imagine a jigsaw puzzle where the pieces don’t fit together perfectly; each piece has room to move back and forth, while still always remaining in position.) In a liquid or gas, particles dance crazily in random directions, like an out-of-control bumper car.

What temperature measures, on a microscopic scale, is the speed of these jiggles and vibrations. Regardless of whether something is a solid, liquid, or gas, it can potentially be found in a state where these random motions are slow and gentle, or in a state where they are maniacally fast. Slow movement of the atoms or molecules corresponds to the object being cold, and rapid movement means it is hot. Cool something down, and the individual particles pare back their motions to a gentle waltz. Heat the object up, and they launch into a frenzied tarantella.

What this then means is that there’s really no upper limit in temperature—if you keep heating something up, the particles inside will keep bouncing around faster and faster. With this picture in mind, we can now ask the question: How hot can the Universe get?

Let’s start with the Sun, a giant burning ball of gas, so hot and intense that it’s not safe to even look at. The Sun has a surface temperature of around 9900°F, which is hot, but not unimaginably so. The Sun’s surface is about five times hotter than a candle flame, or a little more than double the temperature of a flame in a blowtorch. This is hot enough to melt tungsten, but not hot enough to boil it.

But there are other stars much hotter than the Sun.

We all know that if you heat something up, it glows. A poker in a fire shines a dull orange or red, while a conventional (incandescent) lightbulb works by heating up a tungsten filament to several thousand degrees so that it glows yellow or white. These are special cases of a universal process first properly explained by German physicist Max Planck: Virtually every object (whether on Earth or in space) radiates light, and the color of this light is tied to the object’s temperature.

We can see this effect, known as “Planck’s law of black body radiation,” in action whenever we look at the different colors of stars. Our Sun is a reasonably average star. Its surface temperature of 9900°F results in a yellowish light, just as Planck’s equations predict.

Betelgeuse, a bright star in the constellation of Orion, is much cooler, about 6900°F, and so even to the naked eye has an easily identified red hue. The brightest star in the night sky, Sirius (also known as the “Dog Star”), has a surface temperature of about 18,000°F, which gives it its bluish tinge.

But there are other stars, invisible to the naked eye, which are far hotter than Sirius. As we’ll see a little later in this chapter, the real action is happening deep within a star’s core, where the fury of nuclear fusion generates all a star’s heat and light for up to billions of years. But when a typical star finally exhausts all its fuel, it puffs off most of its outer layers into a slowly expanding shell of gas, exposing the central core. This core, a small dense ball of helium, carbon, and heavier elements, is no longer burning any gas via nuclear fusion, but is still incredibly hot. This dying ember, known as a “white dwarf,” is now among the hottest stars in the Universe, so hot that it lights up the surrounding shroud of expelled gas to form an exquisite glowing cloud known as a “planetary nebula.”

So just how hot is a newly formed white dwarf? The current record holder sits at the heart of a beautiful planetary nebula. This glowing gas cloud, referred to by astronomers as “NGC 6537” but more commonly known as the “Red Spider Nebula,” is about 2,000 light-years away toward the constellation of Sagittarius. (One light-year is the distance you can travel in one year if you move at the speed of light, a total of just under 6 trillion miles. So 2,000 light-years is around 12,000 trillion miles!)

Throughout the 20th century, the central white dwarf in the Red Spider Nebula eluded detection, and its temperature remained unknown. There are two reasons why such stars are so hard to see. First, they are tiny objects buried at the very centers of glowing, luminous, surrounding clouds. Often the brightness and complexity of a planetary nebula hides its central star from view.

But the other reason is that, paradoxically, the star’s extreme heat itself makes the star almost invisible. As we saw above, Planck’s law of black body radiation dictates that an object’s temperature determines its color. Sirius, with its surface at a temperature of 18,000°F, is so hot that it glows blue.

What happens if a star is even hotter than blue Sirius? In such cases Planck’s law still applies, but the resulting glow will be of a color beyond the range to which our eyes or ordinary telescopes are sensitive. In particular, objects much hotter than Sirius will glow in ultraviolet or X-ray light. Different temperatures, and their connection to color through the law of black body radiation, reveal that seemingly distinct phenomena such as ultraviolet light and X-rays are really just parts of the broad electromagnetic spectrum. The electromagnetic spectrum describes a whole range of different colors, well beyond the sliver of light that we can see with our eyes.

So white dwarfs are buried deep within their planetary nebulas, and are so hot that they don’t emit much visible light, but instead radiate mainly in the ultraviolet and X-ray parts of the spectrum. It’s thus not too surprising that the superheated star at the center of the Red Spider Nebula remained unseen for many decades. That situation finally ended in 2005, when Minkako Matsuura and his colleagues used the powerful Hubble Space Telescope, located in orbit above the Earth’s atmosphere, to identify a tiny speck of light corresponding to the white dwarf at the heart of the Red Spider. In this and subsequent studies, astronomers have been able to make a precision measurement of the star’s color, and then have used Planck’s law of black body radiation to calculate its temperature.

The results are astonishing—the surface temperature of the star at the center of the Red Spider Nebula is an incredible 540,000°F, more than 50 times hotter than the Sun, and 30 times hotter than mighty Sirius.

This amazing star, with its extreme temperature and the spectacular glowing nebula that surrounds it, is of more than mere academic interest. For in gazing at the Red Spider, we are seeing our future fate. Around 5 billion years from now, the Sun too will run out of fuel, and will similarly shed its outer layers. All that will remain of our star and its solar system will be a beautiful planetary nebula, illuminated by an intensely hot white dwarf at its center.

The nuclear furnace

Stars may have high temperatures at their surfaces, but the fiery hell
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