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	Title Page

(Composite photos and artist’s concept)

Image credit: NASA/JPL
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	Distant Saturn

Image credit: NASA/JPL/SwRI

(Cassini mission)
	The Solar System isn’t easy to explore. The distances are vast, the difficulties are enormous. So why go to all the trouble? 



	3
	Jupiter and Callisto

(Composite not to scale)

Image credits: 

Jupiter: NASA/JPL/UA (Cassini mission)

Callisto: NASA/JPL-Caltech (Galileo mission)
	Because traveling to other worlds stretches our minds and excites our imaginations like nothing else. And because it’s the only way to answer some of our deepest questions.
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	People gazing at Moon and planets

Image credit and copyright: Michael Wilson
	Did life ever exist on other worlds? Does it still?

	5
	Ice worm

This and similar images are part of a press release from Pennsylvania State University, available at http://www.science.psu.edu/

alert/iceworms.htm
	How did Earth become the home of living things? 
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	Mars image taken by Hubble Space Telescope.

Image credit: NASA/STScI
	Will we someday live on other planets?  
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	Venus

(Computer-generated image)

Image credit: Magellan Project, JPL, NASA
	Can studying processes on other worlds, like the ones that turned Venus into a planetwide oven, help us understand Earth and keep it a good place to live?
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	Meteor hitting Earth

http://impact.arc.nasa.gov/gallery_main.cfm
 (Artist’s concept)

Artist: Don Davis

Image credit: NASA
	Can we avoid the fate of the dinosaurs by detecting and deflecting any large meteoroids that come our way?
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	Mars landscape

Image credit: NASA/JPL/Cornell

(MER mission)
	How are other planets similar to Earth? 



	10
	Venus landscape

(Computer-generated image)

Image credit: JPL (Magellan mission)
	How are they different?



	11
	Protoplanetary disk

(Artist’s concept)

Image courtesy Pat Rawlings/NASA/JPL


	And how did it all begin?  How did Earth and the other planets form and develop? The answers to that one can be found in places in our solar system where ancient history has been preserved.
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	Sun

Image credit: SOHO (ESA & NASA)
(SOHO mission)
	Most of the original solar nebula—the giant cloud of gas and dust from which the solar system formed—is  preserved in the outer layers of the sun. Samples of it shoot out into space as the solar wind.
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	Comet NEAT

Image credit: NASA, NOAO, NSF, T. Rector (UAA), Z. Levay & L. Frattare (STScI)
	Comets are also relics of the earliest times. They’re clumps of the original ice and dust particles that swirled around the young sun before the planets formed. 



	14
	Asteroid belt 

(Artist’s concept)

Image credit: NASA/JPL-Caltech
	The asteroid belt is thought to consist of pieces of a planet that was in the process of forming when it was interrupted by Jupiter’s powerful gravity. 



	15
	Earth’s moon

Image credit: NASA (Apollo 11 mission)
	The surface of the Moon contains material that has been preserved for as much as 4-and-a-half billion years—almost dating back to when Earth and the Moon formed. Most of the large craters on the Moon are from a time about 4 billion years ago when the inner solar system was bombarded by huge numbers of meteoroids. Earth must have been hit at the same rate, but its record of that time was wiped nearly clean by weathering and geological processes.

So, with all these reasons to explore the solar system, how do we go about it?
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	Copernicus

This is a painting by Jan Matejko called “The Astronomer Copernicus, or Conversation with God” from 1873.


	Solar system exploration began with no tools but the eyes and brains of curious people, who noticed that planets move across the sky from night to night differently than the stars do. 

Cultures around the world incorporated what they observed in the heavens into their religions and mythologies. Some developed the ability to calculate the apparent motion of the sun, planets, and star constellations with remarkable precision.

Eventually, using naked-eye observation, people like Copernicus here actually figured out the basic structure of the solar system.
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	Murchison meteorite

Image credit: DOE
	Sometimes nature is nice enough to deliver small samples of the solar system to Earth, where we can take them into our laboratories. This is a piece of the Murchison meteorite, an important discovery in the effort to determine whether meteorites could have seeded Earth with the basic building blocks of life.
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	Mercury

Image credit: NASA (Mariner 10 mission)
	Radar gives us another way to explore very distant places without leaving our planet. Scientists have bounced radar waves off of Mercury, which you see here, and found evidence that it has a molten core.  Earth-based radar also provided evidence of lakes on Saturn’s moon, Titan, before the Cassini-Huygens spacecraft arrived there.
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	Galileo and Newton

Image credits: 

Portrait of Galileo Galilei by Justus Sustermans painted in 1636. Portrait of Isaac Newton by Godfrey Kneller painted in 1689.
	But most of our Earth-based exploration has been done with telescopes. Galileo, on the left, started the practice of using telescopes for astronomy about 400 years ago. Isaac Newton improved the instrument with a system that uses mirrors instead of lenses—that’s the kind most often used today.
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	Keck observatory

Image credit: NASA/JPL
	The Keck Observatory in Hawaii is one of the best of today’s telescopes. Telescopes gather and focus light, enabling us to see distant objects much more clearly than we can with our naked eyes. 
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	Keck and spectrum
	And telescopes can be hooked up to instruments that break light down into its individual colors, or wavelengths, including the visible light that our eyes can sense—you see that little rainbow in the middle of the spectrum—and light that has wavelengths too long or too short for our eyes to detect.  

Reading the light spectrum—also known as the “electromagnetic spectrum”—is really the key to the universe. By seeing which wavelengths the various heavenly bodies emit or reflect, scientists can tell what they’re made of, what their temperatures are, and even how quickly they’re moving toward or away from us.
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	Saturn in infrared

Image credit: NASA/JPL
	Here’s a picture of Saturn that Keck took in the infrared part of the spectrum. Those bands show how suddenly the temperature changes with latitude—that was a surprise to the scientists who saw this image.
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	Keck and spectrum
	The nice thing about telescopes on the ground is that they’re less expensive and much easier to service than spacecraft. But they do have one major problem—they have to look through Earth’s atmosphere. 
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	Keck and spectrum
	The atmosphere blocks almost all of the light with wavelengths shorter than violet, which includes ultraviolet light, X-rays, and gamma rays...
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	Keck and spectrum
	...and it blocks a lot of the wavelengths longer than red, including much of the infrared section and microwaves.
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	Starry sky

Image credit: 

© Stefan Seip - astromeeting.de
	Also, if you’ve ever noticed the stars twinkling, you’ve seen how the atmosphere distorts the light that does pass through it. One solution to the twinkling problem is a computerized system called “adaptive optics.”

	27
	Spitzer 

(Artist’s concept)

Image credit: NASA/JPL-Caltech


	But a solution to both problems is to put telescopes above the atmosphere, into space—like the Spitzer Space Telescope shown here. The Spitzer specializes in the infrared part of the spectrum. There’s also the Chandra Observatory, which sees X-rays, and of course the Hubble, which sees visible, ultraviolet, and some infrared light.

	28
	Jupiter aurora in UV by Hubble

Image credit:

NASA and the Hubble Heritage Team (STScI/AURA)

Acknowledgment: NASA/ESA, John Clarke (University of Michigan)
	Here’s a Hubble shot of an aurora at Jupiter’s north pole, taken in the ultraviolet. Since our eyes can’t actually see infrared or ultraviolet wavelengths, these pictures are artificially colored.
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	Galaxy

Image credit: NASA, ESA, and The Hubble Heritage Team (STScI/AURA)
	Now, telescopes are great for viewing the solar system and the universe beyond. But all of these telescopes on Earth or in the vicinity of Earth have one big restriction—they’re really far from everything we want to see, so there’s a limit to how much they can show us. There’s no alternative for observing some things, like this galaxy. But for the solar system, well, let me show you...
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	Io by Hubble

Image credit: NASA, ESA, and J. Spencer (SwRI)
	Here’s a Hubble shot of Io, which is one of Jupiter’s moons. It’s about the size of our moon, and considering that it’s about half a billion miles away, that’s a pretty impressive picture.
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	Io by Galileo spacecraft

Image credit: NASA/JPL-Caltech (Galileo mission)
	But if you go there, you can see a plume from one of Io’s volcanoes.
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	Mars channels

Image credit: NASA/JPL/ASU (Mars Odyssey Mission)
	If you go there, you can see dry riverbeds on Mars.
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	Saturn

Image credit: NASA/JPL (Cassini mission)
	And if you go there, you can see things that you can’t see from anywhere near Earth, no matter how powerful your telescope is. Here’s a view of Saturn’s rings from the side opposite Earth, taken by the Cassini spacecraft. Scientists were able to learn about the particles that make up the rings by sending radio signals through them from Cassini to Earth.
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	DSN Goldstone

Image credit: NASA/JPL-Caltech


	Receiving signals from spacecraft and sending commands to them depends on the Deep Space Network. That’s a system of very large dish antennas. Here’s one in Goldstone, California.
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	DSN Madrid

Image credit: NASA/JPL-Caltech
	There are also sets of antennas near Madrid, Spain, which you see here, and near Canberra, Australia.

	36
	Earth

Image credit: NASA (Apollo 17 mission)
	If you find those three places on a globe, you’ll see that they’re evenly spread out around the world. The idea is that, as the Earth rotates, at least one of those antenna sites is always in view of a spacecraft no matter where it is in the solar system, as long as the sun isn’t blocking its view of Earth. 

So, if we actually want to go to someplace in the solar system, which usually means sending one of our robots, how do we do it?
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	Launch

Image credit: NASA/JPL-Caltech (Mars Odyssey mission)


	Well, pretty much everybody knows you start out with a launch using powerful rockets. You have to get the spacecraft going very fast to escape Earth’s gravity. But what a lot of people don’t realize is that most of the time, the rockets shut down and drop off soon after leaving Earth, and the spacecraft just coast the rest of the way. They can’t keep rockets burning because the fuel would be too heavy and make the mission too expensive. So they coast, just making little trajectory corrections along the way with small thrusters.
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	Dawn headed for Vesta and Ceres

(Composite not to scale)

Image credits:

Dawn (artist’s concept): NASA

Vesta: NASA, ESA, and 

L. McFadden (UMD)

Ceres: NASA, ESA, and J. Parker (SwRI)

(Vesta and Ceres images by HST)
	One exception is something called ion propulsion, which is being used on the Dawn spacecraft you see here. Dawn is headed for the asteroid belt, between Mars and Jupiter. An ion engine puts out very little thrust—about as much force as you would feel from the weight of a single sheet of paper here on Earth. But it goes continuously, making the spacecraft travel slightly faster and slightly faster moment by moment over the course of months or years, until it reaches really fantastic speeds.



	39
	New Horizons flying by Jupiter

(Artist’s concept)

Image credit: SwRI (Dan Durda)/Johns Hopkins University Applied Physics Laboratory (Ken Moscati)
	The coasting spacecraft have a clever trick, too, that lets them change their speed or direction without using propulsion. It’s called “gravity assist.” What they do is fly by a planet at just the right distance and angle so that the planet’s gravity pulls them but doesn’t capture them into orbit or bring them to its surface. Here’s an illustration of the New Horizons spacecraft flying by Jupiter to pick up speed. This maneuver will shave about 3 years off the time it will take the spacecraft to get from Earth...
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	Pluto and its moons: Charon, Nix and Hydra (taken by HST)

Image credit: NASA, ESA, H. Weaver (JHU/APL), A. Stern (SwRI), and the HST Pluto Companion Search Team
	...to here. That’s Pluto and its 3 known moons as seen by the Hubble Space Telescope. New Horizons is scheduled to be their very first visitor from Earth when it arrives in 2015.

Gravity assist is such a useful technique that a lot of spacecraft fly complicated routes through the solar system just so they can pass by planets on the way to their ultimate destinations.

	41
	Uranus and Neptune with Voyager 2

(Composite not to scale)

Image credit: NASA/JPL (Uranus and Neptune images are from Voyager 2 mission. Image of Voyager 2 spacecraft is a painting.)
	Of course, gravity assist isn’t the only reason to fly by a planet.  A flyby is the easiest and most inexpensive kind of mission to study a planet or other solar system body, especially if you want to visit more than one on the same trip. Voyager 2 took advantage of a planetary alignment that occurs only once in 176 years to make a grand tour of all four giant planets, including Jupiter and Saturn, and the only flybys so far of Uranus and Neptune, which you see here.

The downside of a flyby is you only get a relatively quick look.
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	Orbiter: MRO at Mars

(Artist’s concept)

Image credit: NASA/JPL-Caltech
	An orbiter mission lets you take your time. This is Mars Reconnaissance Orbiter, one of several spacecraft currently circling Mars. 

	43
	Cassini orbiter at Titan

(Artist’s concept)

Image credit: NASA/JPL


	The Cassini spacecraft is also considered an orbiter because it orbits Saturn. But at the same time, it conducts repeated flybys of many of Saturn’s moons, including Titan. Here’s an illustration of a flyby in 2007, when Cassini was in position to observe the sun through Titan’s atmosphere. Scientists could learn a lot about that atmosphere by analyzing the spectrum of the sunlight that filtered through it.
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	MRO illustration

(Artist’s concept)

Image credit: NASA/JPL
	Flybys and orbiters carry instruments that can detect a wide range of electromagnetic wavelengths...
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	Graphs of Saturn’s temperature and winds

Image Credit:

NASA/JPL/GSFC (Cassini mission)
	...which can reveal composition, temperature, and wind speed among other things.



	46
	Venus landscape

(Computer-generated image)

Image credit: NASA/JPL/USGS (Magellan mission)
	Radar can let us see through the hazy atmospheres of Venus and Titan and even underground. This is an image of the surface of Venus, produced from radar data taken by the Magellan spacecraft. 
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	Titan lakes 

(Radar image)

Image credit: NASA/JPL/USGS (Cassini mission)
	And this is a radar image of what are widely interpreted to be lakes on Titan.
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	Saturn magnetosphere

Image credit:

NASA/JPL/Johns Hopkins University (Cassini mission)
	Other instruments measure gravitational fields, or magnetic fields like this one surrounding Saturn, or the charged particles that fly through space.

Scientists look at all these measurements in much the same way that detectives look at blood stains and bits of fiber at a crime scene. They’re clues that can lead to dramatic deductions

	49
	Galileo and Jupiter

(Composite of Jupiter photo and artist’s rendering of Galileo, not to scale)

Image credits: 

Jupiter: NASA/JPL/UA (Cassini mission)

Galileo: NASA
	Let me give you an example from the Galileo mission. Galileo orbited Jupiter from 1995 to 2003, and conducted flybys of several of its moons...



	50
	Europa global

Image credit: NASA/JPL (Galileo mission)
	...including this one: Europa.
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	Europa cutaway

(Artist’s concept)

Image credit: NASA/JPL
	Measurements of Europa’s gravity and magnetic fields pointed to an ocean of salt water beneath the icy surface. It’s just a thin blue band in this illustration, but that’s more water than all of the oceans on Earth combined. The measurements also indicated a rocky interior, like Earth has, which could feed nutrients into the water.
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	Europa NIMS image

(Image by Galileo NIMS instrument)

Image credit: NASA/JPL
	The spectrum of light the surface reflected suggested that salt, maybe from seawater, could be rising to the top of the icy crust.
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	Europa, global and detail

Image credit: NASA/JPL (Galileo mission)
	Close-up images revealed that the surface was cracked in a way that supported the idea that liquid water lay beneath. And the scarcity of impact craters showed that the surface was active, frequently recoating itself with fresh ice. That would provide an opportunity for organic material delivered by comets to work its way down to the ocean depths, and for any possible organisms down there to rise to the surface, just as salt seemed to be doing. 
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	Galileo flying by Europa

(Composite of Europa photo and artist’s rendering of Galileo, not to scale)

Image credits:

Europa: NASA/JPL (Galileo mission)

Galileo: NASA
	All this led scientists to conclude that Europa is a promising place to look for life—without having set a single instrument down on its surface.



	55
	Descent probe: Huygens at Titan

(Artist’s concept)

Image credit: NASA/JPL
	While flybys and orbiters observe their subjects from space, probes and landers can actually interact with what they’re studying. Huygens, which you see illustrated here, was a descent probe. It rode with Cassini to the Saturn system and then parachuted down to Titan’s surface, investigating the atmosphere as it dropped through. Scientists think the chemical processes on Titan may help us understand what led to life on Earth.
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	Impact probe: Deep Impact at comet 

Image credit: NASA/JPL-Caltech/UMD (Deep Impact mission)
	A different kind of probe blasts a hole in something to see what’s under the surface. This is an actual photo of the Deep Impact mission, in which an impactor was set to collide with a comet while a flyby spacecraft recorded the event.
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	Stationary lander

Image credit: NASA (Viking 2 mission)


	The next kind of mission is the stationary lander. Here’s a self-portrait of Viking 2, one of a pair of the first really successful landers on Mars. The twin Vikings carried out the first experiments on another world to look for life. The results were inconclusive.  
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	Rover at rim of Martian crater

(Composite of artist’s rendering of Opportunity and photo by Opportunity of Victoria crater, to scale)

Image credit:

NASA/JPL-Solar System Visualization Team
	A rover is a lander that can move around. Here is one of the twin rovers, Spirit and Opportunity, at the rim of a Martian crater. They’re part of NASA’s “follow the water” strategy in the search for past or existing life.
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	Rover examining rock

(Artist’s concept)

Image credit:

NASA/JPL/Cornell University


	Like a probe, a lander or rover can interact with what it’s studying. When Spirit or Opportunity come upon an interesting rock, they can grind through the weathered surface layer and use a microscope to examine what was beneath it, or conduct tests with other instruments they carry. And sure enough, they’ve found compelling geological evidence that sizable bodies of water once existed on Mars. Coupled with orbiter images that appear to be the tracks of flowing water, this evidence strongly suggests that Mars once had the conditions necessary to support life as we know it.
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	Blimp at Titan 

(Artist’s concept)

Image credit: NASA/JPL


	So far, we’ve only had rovers on the ground—and for that matter, only on Mars. But there’s talk of developing another kind of rover for worlds with atmospheres. That could include not only Mars, but Venus and Titan, and could take the form of a balloon or a blimp like this one.

Scientists and engineers are constantly striving to make their instruments more and more capable, and at the same time smaller and lighter to make it easier to launch them into space. But there are still some advantages to examining materials here on Earth.
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	Sample return: Stardust

(Artist’s concept)

Image credit: NASA/JPL
	So that leads us to the final category of robotic mission, the sample return. Here’s an illustration of Stardust, which flew to a comet, captured particles blown off of its nucleus, and delivered them to Earth...
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	Scientists examining Stardust capsule

Image credit: NASA/JSC
	...where scientists could examine them with laboratory instruments too big and heavy to send into space.
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	Comet particle tracks in aerogel.

Image credits: NASA/JPL and NASA/JPL-Caltech/UW (Stardust mission)
	This is what they saw—tiny particles embedded in a special substance called aerogel.
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	Apollo astronaut on Moon

Image credit: NASA (Apollo 15 mission)
	The final kind of mission is one in which astronauts explore a world in person. So far, that’s been done only on the Moon in the 1960s and 70s.
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	Future astronaut on Moon.

(Artist’s concept)

Image credit: NASA
	Someday astronauts may return to the Moon for extended stays.



	66
	Summary of mission types at various locations

(Photo montage)

Image credit: NASA/JPL
	Here’s a summary of the kinds of missions that have been conducted throughout the solar system. Every planet has had at least one flyby, and so have many of the moons and a number of comets and asteroids. There's a flyby on its way to Pluto and other objects in the region beyond Neptune known as the Kuiper belt. 

There’s a certain progression to the missions. With planets and moons, we’ve almost always started with flybys, and then in many cases moved on to orbiters, and then to probes or landers or both. 

Each kind of mission lays the groundwork for the next kind. An orbiter helps you determine the best place to send a lander, and what kind of instruments to include.

Different types of missions can also support each other. Telescopes on or near Earth often support spacecraft missions. And even after operating very successful rovers on Mars, we still sent another orbiter. Orbiters cover very wide areas, which complements the more detailed but geographically limited capabilities of rovers and landers.
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	Extrasolar planets

(Artist’s concept)

Image credit: NASA/JPL
	Far beyond our solar system, there are many others. Our telescopes have already found evidence of hundreds of planets orbiting other stars. Will we be able to send spacecraft to them? Well, consider this...
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	Voyagers at termination shock

(Artist’s concept)

Image credit:

NASA/JPL/Walt Feimer
	Right now Voyager 1 is the most distant manmade object. It’s been traveling for over 30 years and is currently more than 100 times the distance of Earth from the sun, with its twin, Voyager 2, nearly as far but in a different direction. 
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	Oort cloud

(Artist’s concept)

Image credit: NASA/ESA and A. Feild  (Space Telescope Science Institute). The Oort cloud cutaway drawing is adapted from Donald K. Yeoman’s illustration (NASA/JPL).


	It’s beginning to pass through the Oort cloud, a spherical region of billions of very sparsely scattered comets believed to enshroud the rest of the solar system. On this illustration, the entire solar system we’ve been talking about so far, from the sun all the way out to Pluto and the Kuiper belt, is that little blue square in the middle, and Voyager 1 is just at the outer part of that little blue square.

Now, Voyager 1 is traveling about one million miles per day. At this incredible speed, the spacecraft will take well over 10,000 years to get through the Oort cloud and finally leave the solar system. And at that point, it will not be even half as far from us as the nearest star—and it’ll be much farther still from the nearest star where we’ve found planets. So there are no plans to send spacecraft to other solar systems anytime soon. But with ever-improving telescopes, there’s still a lot we can learn about other solar systems.
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	Montage of planets and moons

Image credit: NASA/JPL
	And we’ve just begun to explore our own.
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	NASA logo
	Abbreviations used in image credits:

ASU: Arizona State University

AURA: Association of Universities for Research in Astronomy

DOE: U.S. Department of Energy

ESA: European Space Agency

GSFC: Goddard Space Flight Center

HST: Hubble Space Telescope

JPL: Jet Propulsion Laboratory

JSC: Johnson Space Center

NASA: National Aeronautics and Space Administration


