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To the mothers, mine and yours:

We must venture into the endless void

Never at rest, facing the dangers of our universe

Thank you, for teaching us how home should feel.

—Dedication, Rhyme of the Ancient Astronomer






PROLOGUE A Disclaimer



But which is worse

to die lost and alone

or surrounded by the people

you were trying to leave behind?

—Rhyme of the Ancient Astronomer



You’re not going to make it in space.

I said, no.

Look, just because you’re a child of Mother Nature, it doesn’t mean she has to love you.

She can pull you below an event horizon, never to be seen by a living soul again. She can slam a mountain into you at ten thousand miles per hour, smashing you into dust. She can bore you to death, forcing you to spend eon after endless eon just to hop to the next star system. She can even microwave you. Literally cook you with microwaves. She can dose you with so much radiation that if you’re supremely lucky you’ll only get aggressive cancer. She can … you get the idea.

Space is nasty.

It’s a rough universe out there, and I’m surprised that anybody, let alone you, would want to explore it. Sure, it’s full of wonders: lacy tendrils of gas stretching for light-years, stellar explosions that can be seen from across the universe, dead and decaying stars filled with matter in the strangest of states, the list goes on. A beautiful and wonderful cosmos, full of colors, motion, and vitality. Staggeringly big, room enough for everyone. Full of enough surprises and mysteries to satisfy generations’ worth of curiosity-seekers.

Lured by the wonders, eager young explorers go out ill-equipped and unprepared. They go off to hunt for the strange, the unique, the exotic. To dance through nebulae and surf on waves of gravity. To attempt to fathom the most closely held secrets of nature. To go and go and go, never looking back. Hundreds of billions of stars in every galaxy; hundreds of billions of galaxies in the observable universe.

They go to see the stars. Factories of fusion. Fountains of creation. Watchful guardians of the deep.

They go to see the nebulae. Tombs of the fallen. Birthplaces of light. Forges of the elements.

They go to see the unseeable. Whispers of distant collisions. Secrets written in strange matter. The great expanse of nothing.

They go to see the extreme. Gateways to new universes. Artifacts of the ancient cosmos. A new friend.

They go to see. To explore, to study, to observe, to witness.

They meet their ends much too soon. Caught in the gravitational pull of a black hole. Struck by a rogue comet. Blasted with radiation from the outburst on the surface of a star. Tragedies, all of them. Senseless and unnecessary.

So here I am. My first priority is to warn you off the whole escapade altogether. Find a planet, find a rock, call it home. Raise a farm. Raise some kids. You can’t get rid of all the dangers in your life, but you sure can avoid the most obvious ones. Put some dirt under your feet and some air over your head. Get yourself a nice steady star with billions of years left of heat and light and warmth, and a nice steady planet with plenty of liquid water. Get a hobby, and get your mind off space.

Buy a telescope. Enjoy it from afar.

But you’re not going to listen to me, are you? You’re going to go there, aren’t you? You’re not like the others. You’re not the stupid one, or the ignorant one, or the lazy one. You’ll be clever and watchful and careful. You’ll come back home with tales of wonder and awe.

You think you have one up on Mother Nature, do you? Just remember that she has a few billion years of experience.

So, second priority. If you’re not going to stay put, I might as well tell you about some of the dangers you’ll be facing. I’ll assume you’ve solved the simple stuff, like how to actually get up into space, how to bring enough food and water and air with you, and how to navigate and travel. That’s all just engineering problems, really, and not my department.

My department is physics—astrophysics. That means figuring out how stuff works up in space. And I’ll be spilling a lot of astrophysics all over your nice clean new dreams. Sometimes I’ll be brief, and sometimes I’ll need to slow down and dig into the dirt. This isn’t just a list of hazards but an explanation of why they’re hazardous.

I would prefer that you end up not only alive, but also smart.

What I’m writing represents the latest scientific knowledge acquired from decades, and in some cases centuries, of research from Earth scientists. That means that a good chunk of it is right, but some of it might be wrong. That’s just the way it is. I’ll try my best to let you know when something’s known for sure and when something’s a little bit suspect—or even downright speculative. Again, use your judgment. I recommend treating everything I say as the Gospel Truth, at least for safety’s sake.

You can never be too careful, out there in the void.

This will not be an exhaustive list, either. I have a deadline to write this, after all, and I can’t wait around for every new discovery or piece of knowledge to make its way into these chapters. I’ll hit the most obvious dangers and a few lesser known second-stringers. There are of course more threats out there, and as smart as I am I’m not omniscient. That’s just the way the universe works, pal.

Most importantly, and I can’t say this strongly enough: I will not be held liable for any inaccuracies, mistakes, or incomplete knowledge in the following pages. I will of course strive to minimize all such things, but nobody’s perfect. Even me.

Travel at your own risk. If I say a star in a particular stage of evolution should be stable for another million years, and instead it goes supernova, don’t blame me, blame physics. The universe is a complicated place, and the physics I’m about to describe isn’t always simple.

I don’t know how far you’ll get or what you’ll eventually encounter in your adventures. Our universe is in a constant state of flux; a big, messy existence. Things will catch you off guard. The cosmos will surprise you.

You have been warned.

So let us begin.
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PART ONE INTERPLANETARY THREATS







The Vacuum


Pulling for breath

but nothing comes.

Your eyes are weary, skin cold

heart beating in betrayal.

—Rhyme of the Ancient Astronomer



The main problem with space—and the first problem that you’ll have to contend with as soon as you leave your precious atmospheric bubble—is that it’s filled with nothing. Now, normally “nothing” would be a godsend, especially since as we continue in our journey we’re going to encounter all manner of not-nothings that can slice you, irradiate you, or just plain smash you, so you might be surprised to learn that no really, I mean nothing at all is one of the most dangerous parts of this whole enterprise.

But that’s part of the wonder of exploring the universe. Just when you think the cosmos has run out of things to harm you with, it turns to its ultimate ace up the sleeve, which isn’t even a card at all. It’s nothing.

It’s vacuum. Nothing. No thing.

The French call it sous vide, which an Internet translator tells me directly translates to “under empty,” as if you could take the emptiest thing possible—say, by pouring the last drop of milk out of the jug—rendering it completely devoid of liquid, and make it somehow even more empty. I wonder if the name came from the early days of making a vacuum—remove the air from a chamber as hard as you can, and keep going because there’s got to be at least one more molecule in there.

“Is it empty yet?”

“Oui!”

“Not good enough, monsieur. Make it under empty.”

This conversation never happened but it amuses me anyway, and helps me visualize what an actual vacuum is like. Besides, more humans than the French have been interested in pulling a vacuum out of thin air (ha, ha). Ancient Earth peoples, including, but not limited to, the Romans, had suction devices and pumps for various useful purposes, but basically didn’t understand how they worked, and most interestingly hotly debated (as ancient philosophers were wont to do) whether when you pull water out of a tube, what remains is nothing (a vacuum) or just something kind of invisible (the nature of this latter part was even more hotly debated, because philosophy).

I guess I can see what they were all worried about. Everywhere you look, you see stuff. Some of that stuff is hard and rocky, some of it is light and airy. But no matter what, there’s always something. It seems kind of sort of reasonable to state that, well, no matter what, there’s always something. You can’t have not-something. You open a window, and you can feel the wind rushing through—nature takes one look at an empty space and acts as quickly as it can to fill it.

In other words, nature abhors a vacuum.

As is usually the case in discussions like this, there were religious, philosophical, and vaguely mystical arguments back and forth on the subject.1 When it came to the reality of the vacuum—the emptiest of empties—it wasn’t just nature that hated a vacuum, but the divine. After all, a place with nothing in it would be truly devoid, which is tough to square with the concept of an all-knowing, all-seeing, all-present creator.

On the other hand, when you pull water out of a tube, there isn’t exactly a lot in there, and seems kind of … empty.

Hence: heated debate.

Things got really intense in the 1600s when Otto von Guericke, who was supposed to be busy being the mayor of the German town of Magdeburg, instead idled his time playing with vacuums and pumps and suctions, because that’s way more fun than being a mayor. He improved on some earlier designs and made a so-called vacuum pump, which could pull air out of a sealed vessel.

It was a pretty clever device. Attach one end of a hose to a chamber. Attach the other end of the hose to a piston. Pull the piston up, drawing air out of the chamber. Close a valve on the hose. Push the air out of the piston. Open the valve on the hose. Repeat as desired.

What remained in the chamber? Did air rush in to replace it in some sneaky way? Was there some mysterious, shadowy substance that could not be pulled out? Did the vacuum truly exist?

It’s been a long time since the response to a vexing scientific question has been “let’s get a bunch of horses,” but von Guericke didn’t mess around. He got a bunch of horses.2

Oh, and two hemispheres pressed together with the air between them sucked out with his fancy new vacuum pump. The bunch of horses couldn’t pull the hemispheres apart, and these horses were strong.

They couldn’t pull the hemispheres apart because there was nothing inside them, and a lot of stuff (air) outside them. The air was pressing in, and nothing was pressing out. The horses had to compete with all that pressure from the air, and just couldn’t do it, because von Guericke’s air pump was so good that there was a whole bunch of nothing inside those hemispheres.

In 1654, the vacuum won. We never stood a chance.



So maybe the vacuum does at least, in a narrow sort of technical way that we can grudgingly allow, exist.

And then Isaac Newton went and did his whole universal gravity thing. Thanks, pal. In centuries past, folks thought that the universe beyond the Earth was full of all sorts of things. Mostly crystal spheres. That’s right, crystal spheres. There was a crystal sphere for each of the heavenly bodies (one for the moon, one for the sun, one for each planet, and one for the stars). The spheres did the work of carrying said heavenly bodies in their regular route through the sky, with the Earth sitting serenely and boringly at the center (we didn’t get a crystal sphere, I guess).

This was all fine and dandy until Johannes Kepler figured out that the planets in the solar system don’t move in circles, but ellipses.3 Oh, and the sun is at the center, not the Earth. It’s kind of hard to have crystal, uh, ellipsoids that move effortlessly against each other through eternity, so the concept was just chucked like moldy leftovers.

Right, Newton. Nobody knew how the planets achieved this elliptical orbit business, until Isaac figured out that this “gravity” business isn’t just an Earth business; gravity doesn’t just pull apples from trees to the ground, but it connects every single object in the universe to every other object in the universe. Everybody creates and feels gravity simultaneously. The same gravity that pulls that apple from the tree is the exact same invisible force that keeps the planets looping around the sun in their fancy ellipses.

But here’s the thing. If the Earth is hurtling around the sun at Great and Terrible Velocity, then what is it moving through? Nature abhors a vacuum, naturally and of course (except in limited cases where we have to work really hard, as in von Guericke’s flashy horse-based demonstrations). But if gravity is doing all the work of keeping the planets in orbit, and the Earth and all the other planets are moving through something (whatever it is, but definitely not nothing), then shouldn’t that be a real drag, man? As in, a literal drag? Something that makes it hard to orbit the sun? Something to slow us down?

But gravity could perfectly explain the motions of the planets, and there was no hint of any drag. No slow-down. No … thing.

Newton himself was officially Over It,4 and was perfectly willing to toss the idea of stuff-between-the-stars in the scrapheap, but still, there was a lot of intellectual resistance to the concept of a great big vacuum. I know to the present mind, all informed and intelligent and aware of the universe that we are, it’s hard to see what all the big fuss was about. So what if the universe is mostly void? What’s the big deal?

I think it’s fundamentally one of those concepts that is just so alien and alienating that it goes against our basic human intuition—the very concept that there can be nothing at all. But you and I were raised in a world of vacuum cleaners and outer space, so we’re used to the idea. Let’s give our intellectual forebears a break here; they had to figure out all this the hard way, so let’s not be surprised if it took them a good century or two to sort things out.

You see, the story didn’t end with Newton. The concept of space stuff resurfaced, again and again like the multiheaded hydra, appearing in various contexts and employed to solve various puzzling scientific riddles. It even acquired a name: the aether.

At first the ether (as it is more commonly spelled today) was proposed to be the stuff that planets swam through in their orbits, after the fall of the crystal sphere tyranny. It offered no resistance (otherwise the whole solar system would grind to a halt), it didn’t affect light, it didn’t taste like anything, and it basically didn’t do much of anything else except sit there and exist, because remember folks, nature abhors a vacuum. But Newton rightly pointed out that the only reason folks wanted the ether to exist was because they wanted the ether to exist. If you were willing to abandon the desire for it, there was no need for it.

“Just let it go, man.”—Newton (paraphrased)

But then there was this whole business about the nature of light. There are all sorts of bright things in the universe—the sun, the stars, fires, the usual—that emitted copious amounts of light. But what is light? What does it look and act like? How can we best describe it?

Newton and his intellectual cronies envisioned light to be made of teensy-tiny particles, called corpuscles (from the Latin for “teensy-tiny particle”). These little buggers blasted around the universe like a hailstorm of bullets, zipping from bright objects, reflecting and refracting, and eventually burrowing into our eyeballs to aggressively inform us of their presence.

To Newton, since light was just a particle, it didn’t need an ether either—it shot around space just like the planets did, no big deal.

Then two very important things happened. One, Newton ended up dying, so he couldn’t argue against anyone anymore. And two, Thomas Young conclusively demonstrated that light can instead act like a wave, at least when it wants to5. He showed this by shining light through two very narrow slits and duly observing on a screen behind the slits an interference pattern: in some places the light added together and got extra bright, and in some places the light cancelled itself out, leaving a dark strip.

This is 100 percent, precisely, exactly what waves do. Ergo: light is a wave. Take that, Isaac.

(Why nobody had thought to try this before Young in 1799 is anyone’s guess.)

So sometimes light acts like a particle, and sometimes it acts like a wave. What’s the big deal? The big deal is that if light is a wave it has to actually wave something. Think about it: a sound wave is a wave of air. A water wave is a wave of, well, water. When light is traveling from the sun to the Earth, what is the light waving?

This all got really serious a few decades later, when James Clerk Maxwell, a super-genius and also keeper of a truly unkempt beard, accidentally invented light.6 He didn’t mean to; he was just monkeying around with some equations trying to describe the behavior of electric and magnetic fields. But the equations neatly described how a changing electric field can create a magnetic field, and vice-versa. So it was possible to make changing electric and magnetic fields work off of each other, waving back and forth, capable of leap-frogging through space.

Curious, Maxwell took these equations and plugged in the known properties of electric and magnetic fields, and found that this leapfrogging electric-magnetic wave traveled at … the speed of light.

Light was indeed a wave; a wave of electricity and magnetism. But just like any other wave, it needed to move through something. There couldn’t be true vacuum—there needed to be a (are you ready for this?) luminiferous ether—an ether that let light live in all its wavey glory.



There was another, more subtle, more (shudder) mathematical reason for the ether to exist, and it had to do with viewpoints. Or, in the physics jargon: frames of reference.

In order to make the physics of Newton (gravity, action-reaction, forces and accelerations, all that jazz) work, there had to be an absolute frame of reference, somewhere out there in the universe. It didn’t matter where it was or how it operated, but it just had to be. There needed to be some master ruler and master clock, allowing all of us to take measurements of position and velocity from that universal reference point. In Newton’s math, all motion was relative with respect to that fixed frame.

But then came Maxwell and his beard to mess everything up (accidentally). In his electric-powered equations, the waves of electricity and magnetism (aka “light”) had a single, fixed, constant speed no matter what. The speed of light was simply … the speed of light (yes, the speed of light can change as it passes through different substances, but that’s a different discussion, you adorable nitpick you). The speed of light wasn’t relative to this or that; no master clock or great cosmic timekeeper required.

This caused ulcers and elevated blood pressures across the globe.

Maxwell said that light doesn’t necessarily need a frame of reference to go on and be light. But Newton said that all motion needs an absolute standard to measure itself against. Who wins? Hard to tell, so let’s compromise: the ether. Not only was the (luminiferous) ether the weird ghostly substance that light traveled through, it was also the absolute reference frame of the universe. It was (or at least, resided in) the Absolute Stillness that was required to make Newton’s laws work. It was within the ether that light obtained its fixed speed.

OK, not a bad idea. Let’s go with it and see where it takes us. Let’s perform an experiment!

If the ether is still and motionless, then our Earth as it orbits the sun is moving through it (even though we can’t sense it in any way, shape, or form, but roll with me here). And if light can only achieve its constant speed in that same ether, then as the Earth swings back and forth in its orbit around the sun, then we must sometimes swim “with” the preferred speed of light and sometimes we must swim “against” the preferred speed of light.

Upshot: we should be able to measure changes in the speed of light.

In 1887, after years of failed attempts (Well, I hesitate to call any experiment “failed,” because you always learn something, which is the point of experimentation, right?), the physicists Albert Michelson and Edward Morley were able to measure the differences in the speed of light using an interferometer: by splitting a single beam of light and sending those beams in different directions before recombining them, they could detect tiny changes in speed in one direction versus another.

The duo of M&M did the thing and found … nothing.7 They couldn’t measure any variation in the speed of light whatsoever. And if the speed of light was constant in all directions and at all times, then the need for the ether simply vanished into thin … uh, air.

The final nail in the coffin came from Einstein himself. While most people looked at the Maxwell versus Newton Battle of the Century and chose Newton (I mean, who wouldn’t), Albert went rogue and declared Maxwell the ultimate victor. But in order to defeat Newton, Einstein had to do away with the entire absolutely universal reference-frame game. Einstein claimed, and later backed up with some seriously intense mathematics, that all motion was relative. There was no such thing as a master clock and master ruler. You can only tell you’re moving in reference to other things.

To Einstein, the speed of light was constant everywhere, at all times, for any observers. It just was the speed of light. The light invented by Maxwell didn’t need an ether—it could move through the vacuum of space just fine, and it didn’t need a fixed reference frame to have the speed that it had. In exchange, we learned that all motion is relative, as are all measures of time and space—time dilation, length contraction, E=mc2, and all the rest of special relativity. If the absolute motion of Newton had to die, at least it went out in suitably grandiose fashion.

Within a few short years, the space outside the Earth’s atmosphere went from being filled with a mysterious but necessary substance-but-not-a-substance to … just a vacuum.

In the early 20th century, almost two hundred and fifty years after Otto and his team of horses first conclusively demonstrated that nothing really does exist, outer space was born.



Before I get too far, I do want to be pedantic for a moment, because precision matters when talking about the great voids among the planets and stars. The vacuum of space isn’t, usually, totally altogether empty.

I know, I know. Maybe I lied a little bit earlier. Just hold on, let me explain myself.

If I were to magically teleport you (and yes, that process would involve pure magic, but we’ll get to that later) into some random spot in space, and you had at your disposal a detector capable of detecting the faintest, teensiest, most ethereal substances in the universe, you might be surprised to find yourself getting a few ping-ping-pings here and there.

Cosmic rays. Neutrinos. Radiation. Stray bits of molecules. Space fuzz, basically.

The universe is a busy place, and even the emptiest regions of the cosmos have something traveling through at any point in time. You simply can’t avoid it. I mean, trust me, you’d have to have the most sensitive detectors imaginable to even catch a whiff of this stuff, but it’s still there. Present. Most of it is innocuous enough, though we’ll get to the deadly bits later on. It’s empty enough for the likes of a massive object such as the Earth to fling itself through space, acting on the force of gravity alone, and not really notice. Hence why Newton and Co. didn’t really notice.

I suppose it’s a matter of pedantry to discuss whether outer space is truly empty, which is the entire point of this discussion. It’s a matter of scale: if you have a big enough box and wait long enough, something is bound to swim through it. And should we count radiation, which is basically and annoyingly everywhere? Listen, I’ll just leave it up to you. If you want to say that space is empty, I won’t argue, because it’s very much empty compared to the air you’re breathing right now. But if you’d rather stake a claim on the not-empty side of the river, well then, you go right ahead—there’s plenty of things to point to in the supposed nothingness of space and say, “Look, see, I told you there was something!”

But there’s a very important detail regarding the vacuum of space I need to tell you about (besides the fact that it can kill you, quickly and horribly and enthusiastically, which we’ll get to in a bit). If you were to take a random patch of space, say, that one right over there, and single-handedly remove every single particle, bit of radiation, dust grain; every neutrino, photon, neutron, electron; all of it, it wouldn’t ever be quite, fully, matter-of-factly empty.

This is troubling to think about.

The vacuum of space itself is, in a vague but mildly accurate way, alive.

At the very least, it vibrates. It hums. It sings.

I know this sounds very hand-wavey and not scientific, so here comes the science. You’re going to be spending a lot of time in the cold, hard vacuum of space in your travels, so you might as well have a crystal-clear picture of what’s going on down there.

To understand what’s going on, you have to realize that what we call a particle is nothing but, and basically everything else you’ve learned about physics is a lie.

In the modern, full-fledged picture of the cosmos, first developed in the mid–20th century by some physicists way smarter than you or me,8 the fundamental particles of our universe are not single, solitary, lonesome little balls of mass and energy. Instead, they’re pieces of something far larger and grander: a field.

Not the most awe-inspiring name, but we’ll take it.

Every kind of particle (say, electrons, or photons, or top quarks, you get the idea) is associated with a special kind of field. This field permeates all of spacetime, extending across the domain of the universe since the big bang and onward into eternity, and from edge to edge (if the universe has an edge, but that’s nothing you need to worry about right now). There’s an electron field, a photon field (aka the electromagnetic field, you may have heard of it), a top quark field, you also get the idea here.

What we call a “particle” is, in the view of the branch of physics known as quantum field theory, a piece of a … well, quantum field. You take a patch of the universe, look for the quantum field you want to energize, energize it, and voilà: you get a bunch of particles hanging around that part of space. They can go on to live their little particle lives, and sometimes can even disappear—meaning that the field in that patch of the universe lost the energy to sustain their particley existence.

That’s all weird but fine, but here’s the real kicker: the quantum fields of our universe are never entirely quiet. It takes a mighty vibration to pinch off a particle from the field, but the energy of each field is never exactly zero. There’s always a little bit of wiggling and humming going on, and sometimes those wiggles become randomly big enough to spit out a temporary particle.

That particle won’t last long before the humming of the field reduces, pulling it back into the background. But still: particles are constantly popping in and out of existence, even when you don’t want them to, even when you don’t have enough energy present to make one yourself.

We call this background fizzing the quantum foam because that’s an awesome and also descriptive name, and we call the nonzero background energy contained in the fields the vacuum energy because that’s a boring but nevertheless descriptive name.

The vacuum of spacetime itself—with no other particles or radiation or anything else present—has an energy associated with it that you simply can never, ever get rid of. It’s just there, an unceasing anxiety of the universe itself. You can’t do any interesting things with the vacuum energy, unfortunately—all of our physics and science and life happen “on top of” that background energy, but it’s there.

How much energy is there in the vacuum? Don’t ask, because it’s a doozy of an answer.

Shoot, you asked.

It’s infinite. That’s right: infinite. As far as we can tell (and we’ve been looking into this for quite a few decades now), the universe has an infinite amount of vacuum energy. Take a box, empty out that box (all the way). Congratulations, you now have a box with infinite energy inside of it.

It turns out that this infinity doesn’t really matter, because like I said, all of physics happens on top of that energy, like living life at the top of a mountain. Who cares how tall the mountain is? What matters is the height of the chair when you fall off it while trying to hang a picture on the wall. The distance between your head and the ground is much more relevant to your impending trauma than the elevation of the mountaintop … even if the mountain is infinitely tall.

Confused? Good, welcome to quantum mechanics. I won’t be bringing much quantum-this or quantum-that into my tales of warning and danger, for good reasons. One, we’ve got bigger fish to fry. And two, it’s really, really mind-meltingly complicated stuff. My point here is that nature is full of surprises. Some of them benign, some of them nasty. What you may think of as pure vacuum is really a swirling, frothing, chaotic tangle of particles and radiation, created by everything from distant supernova explosions to the very nature of spacetime itself.

It’s funny. Not ha ha funny, but “Hmmm, interesting, isn’t it?” funny, that the story of the vacuum of space has come full circle. For centuries philosophers railed against the idea of the vacuum, for good reason. Then we discovered that it exists, then we discovered that, dang, most of the universe is made of nothing at all. And then it turns out that, well, nothing itself is, by very quantum definition, a thing.

So it goes.

But anyway, are you sure you want to leave your nice, warm, cozy atmosphere? Because all this madness is just the beginning.



Look up. Go ahead, my little would-be wanderer. You dream of exploring the stars, right? Well then look up at them. They’re far away—stupendously, frighteningly, too-far-to-think-about-in-any-sane-or-rational-way far away.

But the vacuum isn’t.

Let’s face it: The Earth ain’t got much air. Oh sure, there are planets with a lot less of the gassy stuff, but this isn’t a contest. If you were to blow up an egg to be the size of our home planet, then the shell would be thicker than our atmosphere.

Outer space isn’t very outer. If you could drive your car straight up at a fast but efficient 60 mph, you’d experience the good, hard vacuum in less than an hour.

Can we all just take a moment to acknowledge, understand, and appreciate just how deeply wrong that feels? That everything you know and love, every breath of sweet, fresh air that you pull into your lungs, every microbe, every sound of laughter, every drop of water that you’ll ever drink, exists within an impossibly thin bubble delicately wrapping an otherwise sterile, lifeless ball of molten rock?

I would say take a breath to relax, but that just might make it worse.

Atmospheres aren’t easy to get, and very easy to lose—count yourself lucky you have a stable one.

Consider the Earth along with her nearest planetary neighbors, little red docile Mars and bright angry Venus. All three planets were born with an abundance of water, nitrogen, and carbon dioxide. They all came from the same protoplanetary ooze (NB the astrophysicists use other terms here); at these distances from the sun, the chemical and molecular makeup of the cloud of gas and dust that would eventually swirl and coalesce to form planets was pretty much the same. It was only through random chance that Venus and Earth ended up roughly the same size, with Mars putting in a good effort but coming up short.

Shortly after forming, the heavy elements (iron, silicon) sank deep down, while the lighter stuff (nitrogen, water) rose to the top. Presto: rocky planet with atmosphere. I’m skipping a few steps, but I’m sure you get the idea.

But these three worlds couldn’t be more different, here and now, 4.5 billion years after their birth. Mars is cold, arid, lifeless; a frigid desert barely clinging to a status of anything more than just-another-rock-around-the-sun. Oh, it technically has an atmosphere, if you want to count a near-vacuum of almost entirely carbon dioxide as an atmosphere. Seriously, it’s less than 1 percent the air pressure as over on good old Earth. On the other end of the spectrum we have Venus, choking itself on its tremendously thick clouds, again mostly of carbon dioxide (alright, nature, we get the idea, you like carbon and oxygen). It’s so hot on the surface of Venus that it outcooks Mercury, despite being almost twice as far away from the sun.

Drop a bar of lead onto the surface of Venus. When you come back around in a few minutes, you’ll just have a lead puddle. It’s hot.

But if you could go back in time a few billion years ago (don’t even bother trying), you would find three beautiful sister worlds, each sporting white puffy clouds, reasonably dense but not uncomfortable atmospheres, broad oceans, and beaches with plenty of great surfing opportunities. After all, the three planets all sit within what’s called by serious astronomers the Habitable Zone (and cheeky astronomers the Goldilocks Zone) of our sun—where it’s not too frigid to freeze all the water, and not too hot to boil it off in screaming agony.

Billions of years ago, the curious life-form would find three places it could potentially call home.9 What went so wrong with those other two planets, and what went so right with Earth?

The problem with Mars is that it’s frankly a bit too small. Not knocking you, Mars, it’s how you were made, but unfortunately for you, how you were made didn’t include the capacity to hold onto atmospheres and oceans for long.

The clue to the mystery of Mars’s missing atmosphere lies deep in its core. It’s solid, boring, lifeless core. Just sitting there like a big dumb ball of iron, not doing anything interesting. And especially not creating a strong magnetic field. In contrast, the Earth’s core is molten, active, and spinning, whipping up a tremendously strong (OK, OK, it’s a relatively weak magnetic field all cosmic things considered, but amongst the inner rocky worlds of the solar system it’s a dynamic dynamo) magnetic field.

That magnetic field around the Earth is a literal honest-to-goodness force field, like something out of a cheesy sci-fi movie. It’s invisible but completely envelopes the Earth, and is capable of deflecting away any incoming hazards like charged particles. Most of those charged particles come from the sun itself, and we give it the cute name of the solar wind, as if to pretend away its deadly intentions. I’ll talk more about the solar wind later, but for now you just need to know that a) it’s made of high-energy particles, and b) it’s flooding the solar system.

Oh, and c) the charged particles of the solar wind can strip away a vulnerable planet’s atmosphere in just a few hundred million years. As in, no time at all.

But thankfully the Earth can withstand this constant solar onslaught with its magnetic field: straight-up blocking some of the solar wind, and funneling what’s left down into the polar regions, creating the beautiful light show of the aurorae. Next time to go see the Northern or Southern Lights, enjoy the spectacle for what it really is: that the Earth’s invisible force field is keeping a lid on all that precious air.

Mars once had a thriving magnetic field, powered by a molten core that was similar to the Earth’s. But because it’s small, its core cooled down. And slowed. And stopped. And shut off the magnetic field.

Bye-bye atmosphere, it was nice knowing you.

With no more air the oceans evaporated. With no more water the place dried up.

Mars died as a youth.

And as for Venus? It suffered the fate of Icarus: it flew too close to the sun.

When our star was younger, it was slightly dimmer and slightly smaller: the dinosaurs of prehistoric Earth knew a weaker daylight than we do today (I’ll get to the physics of the how and the disastrous consequences later, I promise). Long enough ago, Venus was nearly smack in the middle of the Habitable Zone, the region around a star where water can be as liquid as it wants to be, and oceans and atmospheres flourished in perfect harmony.

But then the sun got hotter.

And then Venus choked.

At first it wasn’t much: the increased solar output drove up temperatures on Venus a tiny bit, which caused a tad more ocean water to evaporate and float around in the atmosphere. No big deal, right? Right, except for the fact that water vapor is a really awesome greenhouse gas, if what you’re aiming for is a greenhouse effect: The vapor trapped extra heat on the surface.

That extra heat caused the oceans to evaporate juuuuuust a bit more, which put more vapor in the atmosphere, which increased temperatures, which evaporated the oceans, which increased temperatures, which … you get where this is going, I hope.

Water doesn’t last too long in the upper reaches of an atmosphere before disassociating, but by then the damage had already been done. With no more water on the surface to lubricate its plates, tectonic activity on Venus slowed down and stopped (we’re not sure today if Venus is totally 100 percent landlocked, but it’s close enough for our purposes).

You would be gravely mistaken to think of a planetary atmosphere as totally separate and divided from its host planet. No, the two are intertwined; lovers, even. Carbon in the atmosphere can find itself inside rocks through various and sundry chemical processes, and plate tectonics can pull those rocks deep underground. Meanwhile, carbon can spew out from volcanos and other vents. The crust and atmosphere of a mild-mannered rocky planet act in concert to keep the balance of chemicals in check and ensure continued balminess.

But Venus went out of balance. With no more activity to pull carbon down into its mantle, the pernicious gas just kept piling up and up in the atmosphere. Carbon dioxide, another greenhouse gas, exploded to ridiculous levels in the Venusian atmosphere. With no water vapor left, there was no hope for the once-beautiful planet to regain its placid balance.

In the blink of a cosmic eye, Venus turned from a paradise into a hell, with no chance of recovering.

Sure, Venus is big enough to still host a molten core, but it spins so slowly (managing just two measly rotations every year), that it can’t rachet up a protective force field. This means that its atmosphere is vulnerable to the same solar wind that stripped Mars of its glory, but it’s just so dang thick it doesn’t really matter. Venus choked itself to death once and for all.

In case you’re wondering (and I know you are), yes, the sun will continue heating up, and yes, the exact same fate will befall dear old Earth. Take a breath of your sweet, sweet Earthly atmosphere while you still can.



And if you’re looking for a source of air on any of the other planets or moons in the solar system, I’ll give you a giant heartfelt good luck. An inventory:


	Mercury. While this little world technically has an atmosphere, it’s really straining the definitions of both the words “technically” and “atmosphere.” We can only detect it with our most sensitive probes. Good luck trying to breathe it, or just generally survive on Mercury in general. Either you’ll be roasted alive with the full force of the up-close-and-personal sun, or immediately locked in ice and darkness. With no air or water to circulate heat from the warm side to the cold side, it’s just that strictly binary. Either way, nothing to pull into your lungs.

	Venus. We talked about Venus. Chokingly thick. Can literally melt lead. Sure, as you go higher up in the atmosphere, the temperatures and densities drop, until at a certain high altitude the surrounding air is something vaguely resembling room temperature and sea-level pressure. But don’t expect a nice salty breeze. No, one of the main players in the dystopian Venusian atmosphere is sulfuric acid. You know, acid rain. An atmosphere literally made of acid rain. Have fun!

	Earth. White fluffy clouds. Gentle breezes. A paradise. Treat her nice.

	Mars. Come on, you call that an atmosphere? Yes, you do, but you shouldn’t. And it’s carbon dioxide. Unless you’re a plant this isn’t going to be any fun.

	Jupiter. Oh yeah, loads and loads of atmosphere. So much so that if you were to dive in, by the time you got a few miles down you would be crushed into oblivion like a uniquely squishy soda can. And even higher up, you have to contend with winds racing at hundreds of miles per hour, hurricanes galore, and one massive storm—called the Great Red Spot because it’s red, it’s a spot, and it’s great—that could engulf the entire planet Earth two times over, and it’s been raging for hundreds of years at least.

	
Saturn. Like Jupiter, but less so. Did you know that there’s a hexagon on Saturn? Yeah, at the north pole there sits a massive cyclone, and a retinue of storms at lower latitude circulate high-velocity winds in the shape of a hexagon. Just think about this for a moment: a hexagon. On Saturn. Do you even want to go near something that weird?

	Uranus and Neptune. Nobody really talks about these two ice giants. They do have super thick atmospheres made of hydrogen, helium, methane, and trace amounts of “other.” Look it’s just really cold out here so take a hard pass.

	Pluto. Featuring a wispy atmosphere of mostly nitrogen (just like the Earth!), it occasionally snows here. So yes, you can go skiing down the slopes of the Plutonian mountains with some fresh powder. But bring an air tank and a few layers.

	Titan. Now this massive moon of Saturn is intriguing. It has one of the thickest atmospheres in the whole solar system, completely obscuring its surface from remote view. But while it’s a thick and hazy mush of nitrogen, methane, and hydrogen, it’s beyond frigid, sitting at less than 100 kelvin (K).



That’s it. Seriously, that’s it when it comes to atmospheres (and sometimes even that’s straining the definition) in the solar system. You want breathable air? Stick to Earth or bring it with you. And once you’re outside the system altogether … well, be prepared.



By agreement amongst people who agree upon such things, once you’re about a hundred miles up from the surface of the Earth, you’re in space.10 That rough line comes from the observation that at that elevation, the air is too thin to support lift on wings. In other words, a hundred miles up, you can’t use airplanes to get around anymore; it’s rockets or nothing.

There’s still some air, annoyingly enough. If you’re in orbit around the Earth at this distance, you’ll have to worry about atmospheric drag, slowly but steadily sucking energy away from your orbit. If you don’t give yourself a little boost every once in a while, you’ll find yourself becoming a meteoric lightshow for anybody along your ill-fated path to ground level.

Air may be a relatively thin substance, but it can pack a wallop when you’re slamming through it at tens of thousands of miles per hour.

But even though the air up past 100 miles is still thick enough to mess with our orbiting machinery, don’t bother trying to breath it, because you’ll die in a very gross way.

Should you happen to be exposed to the vacuum of space without a suit or source of oxygen, things go haywire fast.

The first thing you’re likely to notice is a quick nasty flash-freeze as all the oils and liquids on your skin (like the sweat that built up as you contemplated what was about to happen) immediately crystalizes and evaporates. Air pressure literally keeps liquids in their place on surfaces, just like the Martian atmosphere did for the oceans on that now-tired and sad planet. The instant formation of ice crystals on your skin, your eyeballs, your armpits, and probably even under your toenails will cause quite a bit of pain.

Needless to say, the surface of your skin will become bone dry. You’re going to need a serious slathering of body lotion when and if you make it back to safety.

But, nasty as it is at first, you’re still alive. Heart beating, brain thinking, limbs flailing. Helpless and drifting, but alive.

Some old sci-fi movies loved to show the effects of getting “spaced” (and what a wonderful euphemism that is). You might blow up in the vacuum, your eyes might bug out, you might instantly freeze to death.

None of this happens. Oh, you’ll still die quickly, but it’s from something else.

You won’t explode, but you won’t exactly be comfortable, either. The insides of you are full of fluids and gases and delicate tissues, and in a vacuum the outside of you is full of absolutely nothing. In that environment the fluids and gases and delicate tissues inside of you would really love to expand and explore their newfound larger territory (i.e., “explode” in the common parlance) but unfortunately for them, your skin is really good at keeping all your insides on the inside of you.

Try as they might, the tension provided by your skin is more than enough to keep you intact against the vacuum of space. Phew.

But wait, there’s more! Fluids and gases near the surface of your skin will still try to get outside of you, which is bad for you, but instead will have to be content with just simple swelling and expanding, pushing your skin to its limits. Still bad for you, but slightly less so.

This swelling under a vacuum is known as ebullism, not to be confused with an embolism (which is also deadly but for decidedly non-vacuum-related reasons). How big you’ll get isn’t exactly known, since nobody has been audacious/unethical enough yet to dump a live human into a vacuum chamber to see what happens. However, there have been a few mishaps and near-misses in the history of human spaceflight, so our current best guess is that you’ll plump up to about twice your current volume once you hit zero on the pressure gauge.

Still, should you be recovered, you’ll quickly deflate to your normal self (kind of) and eventually heal.

So the vacuum of space won’t kill you directly, it will just make you supremely uncomfortable.

What gets you is the oxygen, or rather lack thereof.

You see, in the vacuum of space there’s no air (kind of the point), which means your lungs are empty. But your heart hasn’t clued in yet, it just dumbly beats-beats-beats as if everything were normal (and might even be beating a bit faster than average, considering the situation you just found yourself in). The job of the heart is to carry blood up by the lungs where it can grab some of that precious oxygen, then proceed to drive that oxygen-rich blood to all the parts of your body that need it, which is all of them.

So the blood train pulls up at the lung station to grab a load of O2, but the warehouse is empty. But with a toot of the whistle and a chug of the engine, off the train goes into the arterial sunset, its cars empty.

Within a few seconds, your brain, the most oxygen-hungry part of your body and a somewhat critical organ, notices that it’s not getting its regular supply. It automatically goes into power-saving mode, turning off less-than-critical functions like consciousness.

In less than ten seconds after exposure to the vacuum, you take a nap.

Now, you’re not dead. Yet. If you’re pulled to safety you can still wake up and go on to live a comparatively stress-free life. But as the seconds turn into minutes, the rest of your organs also take note of the lack of oxygen and begin to shut down, one by one. Eventually, all your organs shut down.

This process is known to the medical communities as “death,” and is generally advised to be avoided.

The vacuum of space will kill you—all the way dead—in about two minutes, your bloated, skin-dried corpse doomed to float through the vastness of space forever.

You might be tempted, when faced with this grim fate, to hold your breath, to save one last pull of oxygen to give you just a few more seconds to clamber your way to the safety of a pressurized and oxygenated vessel.

I have only one word in response to this suggestion: don’t.

The air inside your lungs is held at a nice and familiar level of one unit of atmospheric pressure. It’s the same pressure as the air that was outside your lungs when you took your last breath. The pressure outside your lungs in vacuum is zero, because it’s a vacuum and that’s the definition.

I’ll cut straight to the point: the muscles and slimy tissues of your throat were not designed to hold one atmospheric pressure of air against a vacuum. That air will make its way out, despite your best efforts, and it will do so quickly and violently, expanding into the vacuum as it does, damaging (perhaps permanently) your delicate throat and damaging (definitely permanently) your even more delicate alveoli, the little tiny sacs inside your lungs that do the job of delivering oxygen to your now-deprived blood.

Again, don’t. Just let that air go. It’s not worth the pain and misery. If you try to hold your breath and you are somehow miraculously recovered, then it will take yet another miracle to actually stitch you up.

Once you hit vacuum, the clock starts ticking, and you better think fast.

At least you won’t freeze to death. You’ll be long gone before that unique misery sets in. Yes, space is cold. It’s hard to strictly assign a temperature to the vacuum of space, because there’s hardly anything (and sometimes even nothing) in there, and you need lots of microscopic things whizzing about to define a temperature. For various technical reasons of no immediate concern to your survival, we assign a temperature of 3 degrees above absolute zero to space, but for now let’s just call it “cold” and move on with our (hopefully long) lives.

Or rather, the end of them. Your body is warm, and space is not. Therefore, heat will flow from your body and into space, making you, eventually and regretfully, cold. And there are three ways of moving heat from one place to another: conduction (touch something cold, and the jiggling of your atoms will start making the cold atoms jiggle too, transferring energy and heat), convection (a fluid like air or water circulating around you, again with the jiggling of atoms to transfer heat, but the motion of the fluid continually replenishes with a fresh supply of new atoms ready for the jiggle), and radiation (your atoms give off light, which shoots out of you and hits some other random atom, making it jiggle).

Lots of jiggling involved in the flow of heat.

In space there’s nothing to jiggle. You’re not touching anything, and there’s no air or water to flow around you. Conduction and convection are dramatically good methods for removing heat, which is why hypothermia is such a big deal even in tepid water.

All that’s left in space is radiation. A typical human body radiates energy at about 100 watts, the same as a reasonably bright old-school incandescent light bulb. You can’t see the radiation that humans give off, because it’s mainly in the infrared portion of the electromagnetic spectrum, unless you have infrared goggle. Then we light up like the limbed bulbs that we are.

We normally have all sorts of mechanisms of generating heat to counter that continued loss from radiation. We generate heat from the food we eat, from things we touch, from the sun itself, and just generally from our environment. But still, we have to work pretty hard to keep our body temperatures in the happy zone.

In space we don’t get that luxury, especially when we’re dead. We’re just warm lumps of meat and water, at a temperature of 98 degrees Fahrenheit (F), emitting 100 W of radiation into the void, which takes a surprisingly long time to cool that lump down.

If you’re in the full blast of our sun’s light, you might not even freeze at all, depending on your particular orbit. If you’re near the Earth, remember that the amount of sunlight that our home planet gets is just the right level to keep liquid water nice and liquid. Which is a lot of energy. So if you need to squint your eyes (let’s ignore the damage done by your tears freezing) to see in the vacuum of space, you can rest (permanently) assured that you won’t turn into a meat popsicle.

You’re going to get a really nasty sunburn, but that might or might not be a major concern of yours, depending on how those precious few minutes pan out.

But if you’re too far from the sun or stuck in some shadow, you’re iced. Within the span of a few hours, your body will slowly, slowly, slowly lose heat, dwindling down to the same near-absolute-zero temperature of your surroundings, the water in you turning into ice crystals, locking your limbs in whatever posture you wish to give as your final message to the universe.

Over the course of eons, micrometeorites—tiny little specks of dust that we will explore in haunting detail later—with carve tiny but noticeable chunks in your now-frozen flesh. Given enough time (and the universe has plenty of that to spare, I assure you), I suppose you’ll eventually dissolve from the continued microbombardments, with your constituent molecules eventually spreading out amongst the stars, perhaps—one day long distant from now—to join in the formation of a new solar system.

Technically, I suppose, you will manage to travel among the stars.

At least, parts of you.






Asteroids and Comets


Rocks and ices.

The tumbling leftovers.

Too many to count

Endless ways to ruin a good day.

—Rhyme of the Ancient Astronomer



Let’s start with some good old-fashioned dangers. Not body-bending black holes, not skin-melting exotic explosions, not brain-numbing relics from the ancient universe (though don’t worry, we’ll get to all that). For now, rocks. Just rocks. Rocks with attitude. Rocks that are looking for a target and, whoops, you’ve got a bullseye painted right on the side of your ship.

Lots of rocks. Little teensy microscopic grains of dust. Pebbles the size of … pebbles. Boulders with enough gravity to form miniature ring systems. Hulking masses just shy of being called planets, but don’t quite get to be classified as one. Don’t tell them that, though, because they have a short temper and are surprisingly agile for their size.

Comets, asteroids, meteoroids. Apollos, Trojans, Trans-Neptunian Objects. Whatever you call them, however you classify them, they’re trouble. They can punch a hole in you and your ship before you can blink. They can pulverize you so completely that another explorer a hundred years later will think that you’re just more space dust.

They’re dark, quiet, and fast.

I would tell you to just avoid them altogether, but they’re everywhere.

You think you’re smart? You think you can outrun them, shoot them before they shoot you, detect them, avoid them? You know what they say: the bigger they are, the more trouble they attract.

Space joke. Never mind.

Let’s break it down before you get broken down.

First you have your generic space dirt. Just microscopic bits of carbon, silicon; maybe some water or minerals. Nothing too special, often chained together. They’re the leftover debris from when asteroids, comets, or spaceships collide. They’re found all over the place, too: not just the solar system, but in the vast distances between the stars. They get pushed out there by the sun’s radiation only if they’re tiny enough; otherwise they slowly spiral in to be burned to ash in the sun. Or rain down onto a planet. If you’re on such a planet right now, there’s a steady stream of this gunk drifting on to you as you read this. Gross.

It’s a little bit hard to estimate (because, small), but we think somewhere around a few hundred tons of random dirt is gently drifting onto the Earth every single day.1

At the small end they’re called simply “dust” (I know, how original) and on the big end they’re known as micrometeoroids, with the strict technical scientific definition of being “tiny.”

You can actually see this stuff. Not individually, of course, but spread out as they are across the solar system, they reflect a lot of sunlight. If you get yourself out on a dark, clear night, find the plane of the solar system (easiest if you have a couple planets in view, then just play connect-the-dots with them), and you should be able to see a faint glow starting at the horizon of the setting sun and tapering upward. It’s called zodiacal light, and it’s the accumulated reflection from trillions and trillions of tiny space bits in our solar system.

Actually, a bit pretty, if I do say so myself.

But don’t let the prettiness of the zodiacal light fool you. Micrometeorites are No Fun. Despite their diminutive size, they are still traveling at typical speed of over 20,000 mph. Have you ever been hit by something traveling at 20,000 mph? No, you haven’t, because you’re still reading this book.

Protection against micrometeoroid impacts was one of the first challenges that humanity had to face when we upgraded “Earthsuits” to become “spacesuits” and the earliest attempts were simple and straightforward: wrap our astronauts and cosmonauts in thick layers of padded material, and cross our fingers that any tiny zipping rocks just get buried in there, rather than something more fleshy and delicate.2

Next up are meteoroids. Still pretty small, but big enough that if you saw one you would say, “Hey, there’s a meteoroid. Right over there.” Definitely larger than dust grains, but generally considered to be no wider than a meter or so.

They too are smashed up versions of their larger rocky cousins orbiting around the solar system, or chunks of larger objects that just happened to fall off because that happens sometimes. They’re too small to have enough gravity to make them round (remember, gravity loves to pull everything in, so that force will do anything it can to remove lumpiness, but there’s only so much effort it can put into the job if there isn’t a lot of mass to go around), so they’re in all sorts of jagged, ragged shapes. They tumble along in their orbits minding their own business, unless you get in their way. Then they’ll rip through you like soft cheese.

Think they’re harmless because they’re so small and cute? See, they’re hard—and now they’re getting big enough that they can have a significant proportion of metals inside them. And when they strike you or your planetary atmosphere, they’re usually moving at about 20 kilometers per second, which is about 45,000 miles per hour.

Or, in more familiar and scary terms, around fifty times faster than a bullet. A bullet made of solid rock, a foot or two across. And composed of dirt, so it isn’t exactly bright and broadcasting its location. On the Danger Scale, these are a solid eight out of ten.

Occasionally one of these meteoroids will fall onto a planet. Ever see a really fantastic shooting star? One that lights a flaming trail across half the sky? One that you can make a wish on? One worthy of a good set of “oohs” and “ahs?”

It was made by a meteoroid about the size of a grain of sand, careening into the planet’s atmosphere at about 100,000 mph. At those extreme velocities, the rock literally pushes on the air in front of it like a piston, squeezing it down and heating it up to temperatures ridiculous enough to a) turn the air into a plasma, and b) vaporize the rock, bit by bit. Hence the nice bright glow and the fiery tail as the meteoroid plunges to its doom.

Because ancient Earth peoples thought that these light shows were some sort of atmospheric phenomena (and I guess they technically are, because you only get the sizzle when the rock hits the atmosphere), they attached their generic word for weather-related happenings to it: hence, meteors.

If the meteor survives the trip and makes it to the Earth’s surface, it gets a new name: a meteorite, and surface-dwellers can collect these rocks and sell them on eBay.

While most of the 25 million micro to regular meteors encountering a planet like the Earth every day evaporate in the upper reaches of the atmosphere, there’s only one word to describe the ones that finish that hundred-mile journey downward: boom.

And as for the even larger rocks. Yikes. These bad boys can be anywhere from a few feet across (i.e., just on the line of meteoroid) to might-as-well-call-them-planet-sized (and that’s always up for debate amongst our astronomical friends). If a larger body is in a known stable orbit, is made of mostly rocks and/or metals, and don’t bother anybody, we call them asteroids. If they’re in unstable orbits, live most their lives in the outer solar system, are made of mostly ice, and cop an attitude, we call them comets.

If one of these big suckers smacks a planet it’s just plain bad news. You don’t get to watch and enjoy the fireworks. Instead you run for your life and start worrying about where your next meal will come from.



Almost all these rocks of various shapes and sizes are the leftovers from when the solar system first cooked up. You ever stir some flour in a bowl, and get a little too excited or the dog starts barking or something interesting finally happens on that TV show, and flour goes all over the counter? It’s a little like that.3

Young solar systems are messy places. We’ll talk later about why you should avoid them in general, but one of the reasons they’re so dangerous is all the dang rocks flying around. Big ones, medium ones, little ones. Planets need to form, and to get a planet from a cloud of gas, you need a lot of bumping and rubbing. Dust grains turning into rocks. Rocks gluing together into rubble piles. Rubble piles attracting their neighbors to form protoplanets. Protoplanets crashing into each other to form … well, planets. The bigger the protoplanets get, the more stuff they pull onto themselves with gravity, and the more encounters they have with each other.

But it’s not nice, neat, and orderly. It’s not a steady progression of pebble-sized Earths to proto-Earths to regular-Earths to Earth-Earths. There can be multiple planets forming within or near the same orbit. Two protoplanets enter; one protoplanet leaves. There were dozens, if not hundreds, of protoplanets swimming through the early solar system. Today? Just eight (or nine, depending on who you ask, but we’re not stepping into that). To make that happen there had to be quite a bit of violence, and that violence was not uniform—every collision left behind a floating rubble pile, a weightless reminder of the devastation that occurred.

We even think that the Earth’s own moon formed from such a collision of protoplanets. Think about it: of all the inner planets, the Earth is the only one with a major moon. Mercury: none. Venus: none. Mars: two, but they’re dinky. The only way we know of to get a decent moon around the Earth is to have the young planet experience a cosmic car accident with a Mars-sized object. That collision had enough raw oomph to send a moon-sized blob into orbit around the young Earth.

Now imagine that happening to you.

After this phase, an early planet might think it’s won the competition, cleared out its neighborhood, is all nice and safe, and can get started making an atmosphere, oceans, and little bugs to start crawling around on its surface. But before you know it, a Jupiter-sized gas giant decides to have a visit to the inner solar system to see what it’s like.

“Gas giant in the inner solar system” should be the phrase to replace “bull in a china shop.”

These migrations happen to some solar systems—luckily not to ours, otherwise all the inner planets would have been scattered either to be swallowed by the sun or flung outside the system altogether. But our own home wasn’t without a little do-si-do of its own, but as chance would have it most of the mega-engineering rearrangement in this system happened in orbits well away from the sun, resulting in a delightful little event known as the late heavy bombardment.4

Oh, the bombardments. When a protoplanet attracts a nice big boulder to add to its collection, it’s not like they just hug and get along forever. No, there’s a crash, a bang, and a boom. And during this age, comets and asteroids from the outer solar system, newly destabilized from the cosmic reshuffling, rained onto the inner worlds, striking blast after painful blast, each slam leading to a new round of meteors ejected out into interplanetary space.

All this activity, all this commotion, makes quite a big mess. Sure some of the fragments will eventually find their way back down onto one of the major planets, but a good fraction—good enough to give you a headache—will remain spread throughout the solar system. Some of the bits stay in a stable orbit and can hang out for billions of years. Some of the bits get flung beyond the outer planets and almost into interstellar space. And some just go nuts.

Heck, we’ve even found samples of Earth dust on the moon, and Martian rocks on the Earth. Let’s pause for just a moment to consider the raw energies required to deliver one piece of a planet to the surface of another.

Yeah, wow.

The bits of debris, whether leftovers from the primordial era of our solar system or blasted into space in more recent epochs, which stay near the sun get their water and carbon dioxide blown away by the heat, leaving just the hard rocks. Anything fragile gets ghosted into space dust. Only in the outer reaches can the ices and the weaker materials stay together, clinging to each other in the lonely dark.

The furthest bits may not even have had a chance to form something bigger at all. They may be the leftovers from the formation of our home solar system, mixed with the leftovers from other systems in the neighborhood, forever dithering between one system and another, never having the opportunity to join the party. The gravitational pull from one system was never strong enough to overwhelm the others and bring it home. They snooze, they lose.

But that’s not all. Back in 2017 on Earth, astronomers spotted something quite odd in their usual searchings of the heavens: a bit of space rock. That itself was nothing new, and assumed to be just another comet inbound from the outer solar system. But continued tracking revealed a few unfamiliar facts. For one, it was moving blisteringly fast, and I mean blisteringly, with a maximum speed of over 87 kilometers every single second, or close to 200,000 mph (and you can see why astronomers and explorers tend to switch units when dealing with anything off the surface of the Earth).

That’s faster than the speed you need to escape the sun’s gravitational well. In other words, this mysterious rock was on an escape trajectory.

What’s more, it was coming in at a very odd angle, far more inclined than anything (literally, anything) else in the solar system, almost perpendicular to us.

With that speed and that orbit, there was only one conclusion: humans had just witnessed their first interstellar interloper.5

Named, ‘Oumuamua (a Hawaiian term that roughly translates to “scout”), by the time it was tracked and confirmed it was already on its outward journey from the sun. Follow-up observations could barely see it; it was small, only a few hundred meters long, but extended like a cigar. It had a deep red coloring, similar to other objects found in the icy depths of the solar system. But it had no trace of the ices that make comets comets; no tail, no visible outgassing.

Just a strange, alien rock. Tumbling end over end, having traveled for tens of thousands of years to reach us from some unknown origin, and headed outward for another sojourn into the great expanse for another collection of eons. Whatever sent this shard hurtling into interstellar space is almost too frightening to contemplate.

Rough estimates pin the number of large foreign intruders (The “large” specifier is needed because there’s always some random space-bits floating in from beyond the reaches of the sun, and should we really count those?) at around one per year. But in general they’re small, dimly colored, fast moving, and altogether hard to spot.

Just how many have passed by you without you ever noticing?



Let’s sketch out the most dangerous parts of the solar system:

The solar system.

There, that was easy.

Oh, you want details? Fine. I’ll use the solar system as an example, but of course other systems will have their own quirks, so be on the lookout for each new system you enter, especially if they’re unfamiliar or uncharted. There will be, however, a few danger zones common to pretty much any system, since many of these regions are byproducts of planet formation. These will give you a good place to start—or rather, a good place to stop.

The tiny micrometeoroid cosmic dust (i.e., the stuff the solar system should’ve tidied up ages ago if it expected company over) is spread pretty thinly across the entire system. Individual grains are generated wherever there are more space rocks than average, leading to little collisions here and there that chuck off the bits of nameless debris.

Each individual grain is either drifting inward to the sun or gently surfing out, depending on how heavy it is—naturally it’s a little bit hard to predict, since each tiny bit is subject to its own peculiar set of forces. New dust is always being created; otherwise either the solar pressure from the sun or the gravity from that same sun would’ve blown away or gobbled up all the specks, leaving everything neat and clean. All it would take would be a few million years of persistent housecleaning, but since the solar system is much, much older than a few million years, something is still out there, making a mess of the place.

Go outside the plane of the solar system and the dust drops off almost immediately, since all the dust-making rocks largely live amongst the planets.

In general, you don’t have to worry too much about the dust, assuming you are properly protected. And if you aren’t, what are you doing out here?

Besides the ever-present and always-aggravating dust, the nearest and perhaps most dangerous hazard zone in the solar system is the Main Belt: a great loop of asteroids and meteoroids between the orbits of Mars and Jupiter. Here you’ll find Ceres, the largest of the asteroids. It’s so large that, as new generations of astronomers rebel against their predecessors, it occasionally gets called a planet. Or dwarf planet. Look, just don’t ask too many questions.

The fact that asteroids like Ceres and Eros are called “Ceres” and “Eros” instead of “HKJ-33028472” and “RGF-92750285” is a clue of just how big these things are. Not everybody in the solar system gets a name, after all. This also means that the Main Belters are relatively well-known and well-mapped. I mean, come on, if dudes in the 1800s could spot them, then you ought to know where they are by now.

But even with a size a few hundred kilometers across, a good strong jump could launch you into escape velocity from their surfaces.

Of course there are a lot of smaller asteroids that don’t get named after mythological creatures. You can always name them yourself—I hear Gertrude’s Dream and Hanklepix 1776 aren’t taken—but don’t expect anybody else to recognize your classification. That only works if you’re the first to discover something, and trust me, it’s unlikely you’ll be the first to discover a Main Belt asteroid.

Astronomers used to think that the Main Belters are the leftovers of a gigantic planetary collision, because those were violent times and the astronomers didn’t know any better. But if you add up all the rocks in the belt, including the biggies like Ceres, you’d end up with the wimpiest, puniest, lamest planet in the inner system, not even half a Moon.

Instead you need to blame Jupiter. Why not, it’s not like Jupiter cares. It’s too big to care. And it’s big enough to prevent anything in the Belt from being big: usually one planet doesn’t affect the birth or life of another. When was the last time you worried about Venus or Saturn? Once a planet clears out its orbit, it’s like, “Don’t worry guys, I got this. This is my space. I won’t bother you and you won’t bother me, you dig?” Everyone stakes out their turf and that’s that.

Except for Jupiter. The Big Bully. A planet may have tried to form at the orbit of the Belt, but Jupiter had better ideas. In the Belt, Jupiter is big enough and close enough to give an occasional gravitational tug on the asteroids. Two asteroids decide to get closer and become something bigger? Nope, says Jupiter, not this time, and pulls them apart. A larger asteroid begins to vacuum up its neighbors in the early solar system? Think twice, says Jupiter, and ejects all the material out of the belt.

What a jerk, but we don’t call Jupiter the King of the Planets because he’s a monarchal figurehead in a representative democracy.

So we’re the left with the Belt: the planet that never was.6

I know you’re thinking that the Belt must be a tricky place: asteroids careening off each other, smashing and crashing, a continual frenzy of shrapnel and danger. You’re right, but not in the way you think are. Asteroids do crash into each other. Shrapnel—aka meteoroids—does fly around randomly and unexpectedly. The Belt is one of the main sources of cosmic dust in the system.

But I need you to think slower.

No, not as in think more slowly but as in the things you’re thinking about are slower. All that craziness happens for sure, just on slower timescales. A Main Belt asteroid may go millions of years before bumping into a neighbor. Ceres has craters, but those were made long ago. From the perspective of the solar system, with its billions of years of history, the Belt is a crazy hot mess of a place. But from a human perspective, it’s barely more active than Aunt Maude during one of her afternoon naps.

There are more bits of jagged, horrible rocks in the Belt than average, but when your “average” is pretty much zero, it’s not exactly a gold medal achievement. If a typical asteroid is about 10 meters across (a random number I plucked out of my head), then the average distance between asteroids in the Main Belt is so large that you would need to string about 100 million asteroids end to end to get to your next nearest neighbor. I hope you can see how we’ve been sending craft through the Belt for years with nary a scratch or scrape.

Once you’ve plotted out the locations of the biggest ones—and since these have been known for hundreds of years, it shouldn’t be a problem, even for you—you just have to aim your ship and cross your fingers. The meteoroids are too small to keep track of, and new ones are constantly being created. The Belt is so big that at any one time two asteroids are probably hitting each other, somewhere.

In a spaceship, you have two choices if you’re traveling to the outer system: after passing Mars, you can either jump up out of the plane of the solar system, avoiding the Belt entirely, or just plow ahead. Jumping up out of the solar system is easy: you can use the momentum of Mars to slingshot you out. But getting back in is a bit trickier, since there’s nothing up there to help you get back down.

So, plow ahead it is.

Basically the Belt represents a slightly elevated risk of getting blown to bits. Not big enough to make us stop sending craft hurtling into the outer system, but it should be big enough to make you think twice. Will you be the unlucky traveler to meet the Big End before you’ve had the chance to forge your dreams among the stars? Will the one-in-a-million chance of getting personal with an unknown meteoroid traveling at tens of thousands of miles an hour be your unlucky number?

Every day is a roll of the dice, and to get to deep space you’ve got to play the game.



I don’t want you to think that the Main Belt is the only source of shorter-than-average life expectancy. The Belt is rather stable nowadays. Sure, it had a turbulent youth—who doesn’t? But over the eons it’s settled down into predictable orbits, only occasionally reliving its past and attempting something dramatic.

It’s beyond the giant planets where things get wild.

Someday they’ll tell tales of the Taming of the Outer System, of how we turned a wild region into a thriving civilization, free from struggle and violence. But that day is not this day. No, today the region past Neptune, in the last stretches of the solar system, where the light from the sun is barely a glimmer, is full of nastiness and surprises.

It’s a dark and frozen space, full of icy threats.

Astronomers and explorers are still busy charting this region of the solar system, which is incredibly difficult because everything out here is a) very small, and b) very far away. In general, every object past the orbit of Neptune is known as a trans-Neptunian object (TNO), because of course it is.

By far the most famous TNO is Pluto, an object so big it was once considered to be a planet, then reclassified as a dwarf planet, but still a contender in some circles for the big title.7 It hosts a (relatively) giant moon, Charon, but parts of its surface are surprisingly smooth. Apparently, according to our latest probes, Pluto has a gaping, festering wound in the form of a giant nitrogen ice glacial field, ringed by water ice mountains the size of Mount Everest back on Earth.

Something is managing to keep Pluto warm enough (out here the sun is just an angry pinprick of light, locking these worlds in permanent twilight), but to date we don’t understand what. Did I mention that Pluto might also be hiding a liquid water ocean underneath its icy shell? Yeah, weird stuff out here, for sure.

But Pluto isn’t alone. It has four other tiny moons. Then there’s Eris with its moon Dysnomia. Strangely elongated Haumea. Makemake. Quaoar. Sedna. Orcus. Salacia.

Given these incredible distances from the sun, these worlds are absolutely massive. While some are gray-blue from the mixture of ices on their crusts, some of them have the dull-red ochre found only in the outer reaches of the system; organic molecules spoiled by too much UV radiation built up over eons.

With the exception of Eris, these worlds and countless smaller ones belong to the first ring of danger in the outer system, the Kuiper Belt. Like the Main Belt, the Kuiper is filled with rocks of all sizes. Sure, one or two of these might be worth a quick visit, but if you’ve gotten this far, then you’re on a trajectory and speed that will take you clean out of the solar system, no time for chit-chats with lonely cold balls of rock.

Also like the Main Belt, the Kuiper is relatively calm and stable. “Stable” has a very precise scientific meaning, which is important for travelers like yourself. If you’re sitting on a chair and someone bumps you, you may wobble a bit but otherwise stay where you are. That’s stable. If you’re standing on your tiptoes at the top of a mountain peak, and someone bumps you, you may be in for an interesting descent. That’s unstable.

The Main and Kuiper Belt objects are pretty much stable: they may get a little gravitational nudge here and there, but for the most part they stick where they are in known orbits. Every once in a while a few will escape, sometimes to become a moon of one of the gas giants, but otherwise they’re trapped in their lonely, icy prison. Navigating the Kuiper is the same as navigating the Main: make sure you’re not aimed directly for one of the major players, and hit the throttle.

But past the Kuiper Belt, starting about 50 AU (Have I mentioned AU yet? Astronomical Unit. The average distance between the sun and Earth. No points awarded for guessing which planet’s astronomers named it.) to more than 100 AU is a much more dangerous region: the Scattered Disk. Its name even sounds scary. The Disk is unstable, unruly, and unrepentant. It sows discord and chaos throughout the rest of the system. Were it not for the Disk, the inner solar system would be a much safer neighborhood.8

The Scattered Disk is one of the great homes of the comets.

Left to themselves, comets pose no more threat than their asteroid cousins. Just slightly icier versions, since they formed far away from the sun and didn’t get their water boiled off. But in the Scattered Disk, life isn’t pretty. You may be in one orbit, and before you blink you’ve been pushed into another. And another. And another. And so on until you find yourself either ejected from the solar system completely or headed straight into the burning fireball at the center of it all.

All that nudging, bumping, and general scattering is due to the giant planets that orbit inward of the Disk. As those massive gas and ice balls make their lazy way around the sun, they tug and tweak on the objects out here. After enough persuasion, they destabilize from their cozy and familiar orbits, and just like falling off the top of a hill can send you in either direction, falling out of the Disk can either send you into interstellar space or down, down, down the gravity well of our system.

At least the comets give us some warning when they go rogue: as they approach the inner system, the heat from the sun vaporizes their iced-up gases and molecules, leaving a tail stretching millions upon millions of miles, always pointing away from the sun.

On their newfound orbits these comets may not hit any inner system planets, but they will try, try again, looping back century after century. Once plucked out of the Disk, they tend to set up new regular routes that can send them looping around the sun for thousands of years. Some of them are even famous, like good old Halley (it took a long time for Earth astronomers to realize that comets can be regular and dependable visitors, and Halley was the first to crack it by predicting the return of his eponymous cometary friend).

Eventually, though, the comets break apart; they weren’t exactly solid, after all, and weren’t meant for life this close to their parent star. As they disintegrate orbit after orbit, they leave behind a cloud of meteoroids to scrape against the atmosphere of any intersecting planet. Not really a big deal, if you avoid them. Thankfully we’ve already charted the major leftover comet-clouds, so you should have plenty of warning.

But there are always new comets trying their luck with a loop around the sun and the chance to visit the fragile worlds of the inner system. By all accounts the Disk should’ve have exhausted its supply of comet wannabes long ago. There are only so many spare parts in the solar system’s junkyard, and one by one they get nudged away to death by fire or a death by ice, never to bother another traveler again. Something must be refreshing this icy reservoir, and that can only come from something even further out.



Past the Scattered Disk it gets even more mysterious, and even worse. You see, the Main and Kuiper Belts are only an issue if you’re traveling in-system, along the plane. Since the Kuiper and Disk are past the orbit of any major planet, you don’t have much reason to pass through them unless you’re on some especially unlucky trajectory to your next destination. And the Main is only a problem if you’re traveling between the inner and outer system. If you just want to escape altogether, your best bet is to loop your way up or down perpendicular to our home system altogether.

But no matter which direction you go, if you want to leave the system and pass into interstellar space you have to make it through the Oort Cloud. Like its name suggests, it’s not a ring or a disk, and it’s not just confined to the plane of the solar system. It surrounds in all directions.

For ages, we didn’t even know the Cloud existed. In fact, to date no astronomer or explorer has ever directly observed or encountered a member of the order of Oort. There’s plenty of raw material thought to be here—enough to make a copy of the Earth five times over, but all that stuff is spread out over such a tremendous volume that it’s hard even to comprehend.

By the time you reach the inner edge of the Cloud, you’re already a few thousand AU from the sun, and by the time you’re through it, you’re a quarter of the way to the nearest star—a solid year’s worth of light.

So five Earths seems like a lot. But crush up those Earths into bits no wider than a city block and spread them in a giant shell a light-year thick. This far from the sun, even the shiniest objects are barely going to glitter, so the Oort is as mysterious as it is vast.

We only know of the existence of the Cloud because it’s a source of particularly odd comets. While some comets come from the Disk and have regular, predictable orbits, returning to the scene of the crime every few decades or so, some comets come once and only once, appearing from random directions in the sky. Tracing their orbits backward reveals an origin thousands and thousands of AU away.

Random direction in the sky at great distance + a spherical shell delivering these comets to us = the Oort Cloud.9

Unlike the Main Belt, the Kuiper Belt, and the Scattered Disk, which are all home to at least one decent-sized roundish object, no known planet wannabe exists in these depths, only small icy death balls lurk here.

This far out, the sun’s gravity is barely a suggestion; the Cloud stays intact simply because it largely has nothing better to do.

The Cloud is made of the final leftover bits of the formation of the system, either scattered out here during the early heady days, or left there because they never got a chance. They may even be the common bits left over from the formation of our local stellar group of stars and were never even associated with a single system.

Traveling through the Cloud on your way to someplace more interesting is, as with the Belts, just a matter of feeling lucky, punk. Since it’s so vast, so thin, and so incredibly boring, you wouldn’t even know you were in the Oort Cloud unless I told you.

The comets from the Oort are truly nasty. If you thought the Scattered Disk guys were cranky, you can imagine the bad moods these brutes have. They’re barely even considered a part of the solar system, and they’ve been holding that grudge for millions of years.

Since the sun’s gravity is so weak at these distances, any little kick, nudge, flick, twist, or bump can send comets diving deep into the inner solar system. A comet in the Cloud can spend billions of years hanging out, orbiting (in the very loosest sense of the word) some point of light that can barely be considered something more than just another star. It’s cold and lonely, but at least it’s home.

But all it takes is a few little nudges to change its mind. These nudges can come from anywhere; a passing star or a wandering molecular cloud can tug on their little icy heartstrings, shifting their orbits just enough to send them sunward. Even the galaxy itself can trigger the infall of a comet. Since the average number of stars on one side of our home solar system is different than another, there’s an incredibly slight but detectable difference in the gravitational environments. Slowly, slowly, slowly, orbit after orbit, a random comet can get pulled by gravity further and further from the sun. But the way orbits work, the further a comet gets from the sun in the most extreme part of its orbit, the closer it gets on the nearside. In other words, a circular cometary orbit can get tweaked to become a long, skinny ellipse, and once that happens it’s game over: down comes a comet into the inner gravity well to cause trouble.

Sometimes a comet from the Oort Cloud first gets deposited into the Scattered Disk, replenishing that unstable supply for a new round of mayhem.

The Oort Cloud surrounds the solar system on all sides, so these danger balls come from any direction, with any orbit. The distances are so great that in a human lifetime—and even a humanity’s lifetime—the comets will make only a single pass before heading out into the galactic depths forever. Or sometimes they just smack into the sun on their first pass. Oops.

That makes these comets unpredictable, both in time and space. You never know when another one is on its way until it’s already here and lights up a tail. By then, it may be too late.

Technically the Oort Cloud has only a finite supply of comets, and is steadily losing them one by one, either by expulsion from the system or through enough collisions to turn them to dust. But seeing as how the solar system has sported a Cloud for a few billion years already, I wouldn’t hold my breath waiting for the fun to be over.

Comets: dirty snowballs, snowy dirtballs. No matter what you call them, they’re bad news.



There are a few other concentrations of asteroids and comets you should be aware of. Groups called the Trojans lead and follow Jupiter on its orbit, trapped in a peculiar balance of forces between that planet and the sun. The Earth has a convoy too, dubbed the Apollos. These groups won’t do you any harm if you stay off their turf. If you decide to approach Jupiter or Earth, make sure you do it from a sensible direction.
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