
It’s now almost a quarter of a century since 

Hubble lifted off from the launch pad at the 

 Kennedy Space Center. Despite a rocky start, 

the achievements of this telescope have 

surpassed every expectation.

Before Hubble, astronomers had never seen 

an exoplanet, did not know the age of the 

universe, and had never observed a galaxy 

from the infancy of the cosmos.

Hubble has transformed our knowledge of the 

universe to an extent that arguably no other 

scientifi c facility can match.

Two decades on, Hubble is producing its best 

science. On average two new studies based 

on Hubble observations come out every day.

More than two decades after launch,  Hubble 

remains the gold standard for optical 

astronomy, confounding the critics and the 

skeptics who branded the telescope a failure 

after launch.

Hubble’s discoveries and Hubble’s pictures 

show no sign of drying up any time soon. Join 

the European Hubble team in a celebration of 

Hubble’s successes. 
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Messier 15

Messier 15 is a globular cluster – a 

spherical conglomeration of old stars that 

formed together from the same cloud of 

gas, found in the outer reaches of the Milky 

Way. It is one of the densest globulars 

known, and also the fi rst globular cluster 

known to harbor a planetary nebula. The 

planetary nebula, called Pease 1, can be 

seen in this image as a small blue blob to 

the left of the globular’s core.
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Cover: Composite image of Hubble observing the 

Tarantula Nebula 

This star-forming region lies in the Large Magellanic 

Cloud, a small galaxy which neighbors the Milky 

Way. It is home to many extreme conditions including 

supernova remnants and the heaviest star ever found. 

The Tarantula Nebula is the most luminous nebula of 

its type in the local universe.

Back: The Sombrero Galaxy 

The Sombrero Galaxy’s hallmark is a brilliant white, 

bulbous core encircled by the thick dust lanes 

comprising the spiral structure of the galaxy. As seen 

from Earth, the galaxy is tilted nearly edge-on. This 

brilliant galaxy was named the Sombrero because 

of its resemblance to the broad rim and high-topped 

Mexican hat. 
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Galaxy Cluster Abell 1703

Abell 1703 is composed of over one 

hundred different galaxies that act as a 

powerful cosmic telescope, or gravitational 

lens. The gravitational lens produced 

by the massive galaxy cluster in the 
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galaxies scattered across the image) bends 

the light rays in a way that can stretch the 

images and so amplify the brightness of 
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In the process it distorts their shapes and 

produces multiple banana-shaped images 

of the original galaxies.
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Foreword

It’s now almost a quarter of a century since 
Hubble lifted off from the launch pad at the 
Kennedy Space Center. Despite a rocky 
start, the achievements of this telescope 
have surpassed every expectation.

Before Hubble, astronomers had never seen 
an exoplanet, did not know the age of the 
universe, and had never observed a galaxy 
from the infancy of the cosmos.

Hubble has transformed our knowledge of 
the universe to an extent that arguably no 
other scientific facility can match.

And it is still going strong! New cameras 
and spectrographs were installed during 
the space shuttle’s final visit to Hubble in 
2009, leaving the telescope at the cutting 
edge of technology. And as the observatory 
matures, it is now delivering sharper, richer, 
and more remarkable images than at any 
time in its history.

Over the years, Hubble has become deeply 
embedded in popular culture, with some of 
the telescope’s most famous pictures now 
widely recognized, appearing on TV, album 
covers, newspapers and computer games. 
This is a testament both to the beauty of 
Hubble’s pictures and the fascinating sci-
ence behind them.

Two decades on, Hubble is producing its 
best science. On average two new studies 
based on Hubble observations come out 
every day.

Observing with Hubble is a very competi-
tive process for astronomers. Each year the 
observing time is massively oversubscribed, 
and only the very best scientific projects 
have any chance at all of getting off the 
ground. Around the world, astronomers 
compete for time on Hubble knowing that, 
for many types of astronomy, there is no 
other observatory anywhere which can 
outperform it.

At the hub of all this activity is the Space 
Telescope Science Institute in Baltimore 
in the USA and, until recently, the Space 
Telescope–European Coordinating Facility 
in Munich, Germany. Over the years, the 
staff from NASA and the European Space 
Agency (ESA) at these two institutions have 
played a huge role in pushing forward sci-
ence, and in bringing Hubble’s discoveries 
to the general public.

More than two decades after launch,  Hubble 
remains the gold standard for optical 
astronomy, confounding the critics and the 
skeptics who branded the telescope a failure 
after launch.

Hubble’s discoveries and Hubble’s pictures 
show no sign of drying up any time soon.

Long may it continue to be so.

Antonella Nota
ESA Hubble Project Scientist 
& Mission Manager 
Space Telescope Science Institute, August 
2013

NGC 5189 

This striking image shows the planetary nebula 

NGC 5189. Its shape is reminiscent of a lawn sprinkler, 

with matter being expelled from the central star, which 

is wobbling as it rotates.
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Preface

This book is a guided tour of the universe, as 
seen through the eyes of Hubble. 

No other telescope has ever been launched 
into space with a wider range of scientific 
goals and scientific instruments. And no 
telescope on the ground shares Hubble’s 
pin-sharp image quality and unprecedented 
view of the whole sky.

Combine this with almost a quarter century 
of day and night observing, and it should 
come as no surprise that Hubble’s photo 
album of the universe is second to none. 
From the planets of the Solar System to the 
structure of galaxy clusters half way across 
the universe, Hubble has arguably taught 
us more about the cosmos than any other 
scientific facility ever built.

Hubble has made over a million observa-
tions during its time in orbit. Many of these 
are scientific measurements rather than pic-
tures, and many of those pictures are only 
interesting to scientists. But that still leaves 
literally thousands of attractive pictures of 
the cosmos to choose from, enough to fill 
many books. (And many have been written 
– see Appendix 3.)

Astronomy is a field in constant change. In 
this book, we focus on some selected topics 
of contemporary astronomy sprinkled with a 
selection of Hubble’s newer images – some 
of them never published before outside of 
scientific journals – along with little-seen 
hidden treasures from Hubble’s science 
archives.

After meeting Hubble, discovering its history 
(Chapter 1), technology (Chapter 2) and 
optics (Chapter 3), we begin our journey 
through the cosmos close to home. 

Before Hubble’s launch, we knew a great 
deal about the planets, but Hubble still had 
much to teach us. From the discovery of 
Pluto’s moons, to the observation of worlds 
around other suns, Chapter 4 tells the story 
of Hubble and the planets.

In Chapter 5, we take a tour of the stars and 
nebulae of our galaxy, taking in the birth and 
fate of the Sun on the way. In Chapter 6, we 
go farther still, to the billions of other galax-
ies that populate the universe, including 
the most distant ever discovered. Hubble’s 
discovery of supermassive black holes at 
the hearts of many of these galaxies is the 

starting point for Chapter 7, and the theme 
of darkness continues through Chapter 8, in 
which we tour the dark cosmos – the invis-
ible matter and energy that give the universe 
its structure.

In Chapter 9, we take a playful look at the 
mind-bending optical illusions Hubble has 
snapped along the way, including “col-
lisions” that aren’t collisions, “stars” that 
aren’t stars and ancient suns masquerading 
as youngsters.

Finally in Chapter 10, with our grand tour of 
the universe complete, we look to the future. 
Hubble has had an incredibly productive 
scientific career, and it should have more 
years in it yet. But scientists and engineers 
are already looking to the future, and a new, 
even greater space telescope that they plan 
to launch in a few years’ time.

We hope you enjoy the ride.

Oli Usher
London, September 2013

Lars Lindberg Christensen
Garching bei München, September 2013

The Ring Nebula 

This image shows the dramatic shape and color of 

the Ring Nebula. This image reveals intricate structure 

only hinted at in previous observations, and has 

allowed scientists to construct a model of the nebula 

in 3D – showing the true shape of this striking object.
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Telescopes have been tools of astronomical 
research for centuries, and sophisticated 
devices to measure the sky are older still. 
Astronomy was arguably the first science, 
born in ancient Babylon and Greece well 
over 2,000 years ago.

But the idea of putting a telescope into 
space is far more recent. 

The first serious suggestions that we know 
of date back to the 1920s and the German 
rocket scientist Hermann Oberth. But even 
in his day, these plans owed more to sci-
ence fiction than to science fact. Oberth’s 
ideas came just two decades after the first 

The Hubble Space Telescope was launched in 1990, opening the chapter on its scientific 

discoveries. But Hubble’s story began long before the space shuttle Discovery lifted off on a 

cloudy morning in April, almost a quarter of a century ago.

Origins

Hubble on the way to space 

Space shuttle Discovery launches from the Kennedy 

Space Center in Florida on the morning of April 24, 

1990, on mission STS-31 – the launch of the Hubble 

Space Telescope.

powered airplane had struggled off the run-
way for a few seconds of flight. Aviation had 
progressed in leaps and bounds in those 20 
years, with the first flight across the Atlantic 
and the birth of the first airlines. But even 
if the cutting edge of aviation had moved 
forwards, Oberth’s time was still the age of 
wood and cloth biplanes, airships and flying 
boats – not of gleaming steel rockets. 

In fact, it would be another three decades 
before humankind broke free from Earth’s 
embrace, and the path into orbit would be a 
hugely destructive one. 

The technologies needed to launch objects 
into space did not come from peaceful sci-
entific research. Ballistic missiles, developed 
by Germany during the Second World War, 
then refined by the United States and the 
Soviet Union as part of their nuclear weap-
ons programs during the Cold War, are the 
unfortunate predecessors of today’s space 
rockets.

With Sputnik’s first orbit of our planet in 
1957, this technology of war finally found a 
peaceful use and proved that spaceflight 
was more than a theoretical possibility. 

The Space Age had begun.
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Pioneers of 
space-based 
astronomy 
 
By the time Sputnik launched, the idea of 
observing space, from space, had already 
started to gather momentum.

In 1946, the American scientist Lyman 
Spitzer began making more realistic plans 
for an astronomical observatory high above 
the distorting effects of the atmosphere. 
A young university astronomer in 1946, 
Spitzer would go on to be a key figure in 
the development of the Hubble project over 
the following decades – and would end up 
with another space telescope named after 
him. This was the Spitzer Space Telescope, 
launched in 2003, which observes the uni-
verse in infrared light. 

Start of the Space Age 

Sputnik heralded the Space Age when it was launched 

in October 1957. It carried no scientific payload and 

was little more than a proof of concept, but it proved 

that launching satellites into orbit was technically 

feasible and triggered the space race between the 

United States and the Soviet Union. Less than twelve 

years later, Neil Armstrong would take his “small step” 

onto the surface of the Moon. The model seen here 

resides in the National Air and Space Museum in the 

United States.

Once spaceflight became a reality in 1957, 
the logic of putting a telescope into orbit 
was hard to resist, for the atmosphere is an 
astronomer’s greatest enemy.

For millions or even billions of years, 
light crosses the universe without being 
degraded. Then, in the final microseconds 
before it reaches our telescopes, it passes 
through Earth’s turbulent, murky and unpre-
dictable atmosphere.

The twinkle of stars in the night sky, caused 
by small temperature differences in the 
upper atmosphere, is the most visible effect 
of the atmosphere on starlight, but it is not 
the only one. Dust and humidity in the air 
compound the shimmering effect of turbu-
lence, blocking or altering the colors that 
tell scientists so much about the properties 
of astronomical objects. The ozone layer 
blocks ultraviolet light – which is good for 
most of us, since it causes skin cancer, 
but bad for astronomers, as it hinders their 
research into young and hot stars, which 

shine brightly in the ultraviolet. Humidity 
blocks infrared light, which, thanks to its 
special properties, is often our only way of 
looking through dusty nebulae.

But while astronomers can reduce some of 
these problems by building their telescopes 
on high mountaintops, in deserts and in 
regions with very predictable weather, and 
there are technological fixes that can help to 
cancel out some of the atmosphere’s effects, 
the only way to eliminate the problem entirely 
is to bypass the atmosphere altogether. 



Going above the distortions of the atmosphere

These two images of NGC 2442 (The Meat Hook 

Galaxy) show the stark difference between 

observations from the ground and those made 

in space. The image to the left was made by 

the 2.2-meter MPG/ESO telescope at La Silla 

Observatory in Chile and has much less detail. 

The image above, taken by Hubble, shows sharp 

details, with the individual stars and nebulae 

clearly defi ned. The difference does not lie in the 

telescope. Both are a similar size and both have 

state-of-the art detectors. But the atmosphere, 

even above one of the best observing sites in the 

world, seriously degrades the image quality.

Of course, things are not so simple. Ground-

based telescopes can often show a wider fi eld 

of view (as seen left). And a technique called 

adaptive optics can be used to improve the 

resolution seen by ground-based telescopes. 

By constantly monitoring the conditions high in 

the atmosphere, and changing the shape of the 

telescope’s mirrors to cancel out the turbulence, 

astronomers can sometimes make observations 

that rival those made in space. However, the 

technology works best in the infrared, and it 

can only correct the turbulence for a very small 

portion at the center of the image. 

There is however no doubt that when it comes to 

delivering stable and sharp observations, Hubble 

– for now – retains the crown.
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Bottom: Hubble mirror up close 

Engineers check Hubble’s 2.4-meter main mirror 

during the construction of the telescope. A tiny flaw in 

the mirror not found by these tests, and caused by a 

badly calibrated testing device, would later turn out to 

be a major headache for the Hubble team. 

Top: Orbiting Astronomical Observatory 1 (OAO-1)  

OAO-1 was the first space telescope to be launched. 

Its systems failed soon after reaching orbit, and it never 

made any observations. However its successors, 

OAO-2 and Copernicus (OAO-3), launched in 1968 

and 1972, were both highly successful and proved that 

a more ambitious project like Hubble was worthwhile.

And the only way you can do that is to go 
above it.

Experiments mounting telescopes on 
suborbital rockets and helium balloons, 
designed to make observations high above 
Earth, but still within the upper reaches of 
the atmosphere, made exciting discoveries 
in the 1960s and 1970s and could be seen 
as precursors to Hubble. 

But the first proper, successful telescopes 
in space, the ones that set the standard for 
what Hubble would do, were two satellites 
called the Orbiting Astronomical Observa-
tories (OAO). OAO-1 suffered a technical 
failure before it could be used, but OAO-2, 
an American mission launched in 1968, 
and Copernicus (OAO-3), a joint British/
American mission launched in 1972, both 
observed the cosmos for years.

By the time Copernicus was scanning the 
heavens, Lyman Spitzer’s plans to build a 
space telescope on a wholly different scale 
were taking shape. Initially called the Large 
Space Telescope project, by 1983 it had 
adopted a more familiar name: The Hubble 
Space Telescope, in honor of Edwin Hub-
ble, the pioneering astronomer who had 
discovered the expansion of the universe. 

However, it still wasn’t ready for launch.

Years of delays and cost overruns plagued 
the project. Early plans for the United States 
to go it alone were dropped, and Hubble 
became a joint project of NASA and the 
European Space Agency. Meanwhile, tech-
nical difficulties and the tragic explosion of 
the space shuttle Challenger in 1986 pushed 
the timescale still further back.

By the time Hubble finally launched in 1990, 
Spitzer – who had suggested a space tele-
scope when he was still in his 30s – was 
75 years old, and a generation of scientists 
and engineers had spent their whole careers 
working on it.
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Left: A flaw in Hubble’s mirror 

This image of the star Melnick 34 illustrates the 

problem with Hubble’s flawed primary mirror. Instead 

of being neatly focused into one bright spot, part of 

the star’s light is spread out, forming a blurred “skirt” 

around the bright star.

Top: Mirror polishing 

Hubble’s 2.4-meter primary mirror being polished 

in 1981. A faulty measuring device led to the mirror 

being polished very slightly too flat. This was enough 

to seriously harm Hubble’s image quality, and for 

the telescope’s first three years of operation, the 

observations were barely any better than those taken 

from ground-based observatories. It would take a 

costly servicing mission to correct the mistake.

success... 
postponed
The climax of the launch soon turned to 
anticlimax. The early pictures beamed down 
from the telescope were no better than those 
taken by telescopes on the ground. Weeks 
of technical testing followed, bringing some 
terrible news. The curved mirror that focuses 
the light onto Hubble’s detectors (akin to 
the lens in a camera) was shaped slightly 
too flat at the edges – by just one fiftieth 
of the width of a human hair. In the world 
of high-precision optics that’s enough to 
subtly defocus an image, and in the case 
of  Hubble, it was enough to negate much 
of the advantage of the telescope’s location 
above the atmosphere.

Investigating the cause of the defect soon 
led engineers to the culprit – a faulty meas-
uring device at the facility that had polished 
the mirror into shape. 

However, it also suggested a remedy, turn-
ing despair into cautious hope.

Hubble had been designed with repairs 
and upgrades in mind. Even as it launched, 
scientists and engineers were working on a 
new and improved version of Hubble’s main 
camera, which they hoped to install after a 
few years of operation. They quickly real-
ized that the design of the camera could be 
adjusted to precisely counteract the incor-
rect curve in the telescope’s main mirror. The 
other instruments on board Hubble could 
also be brought back to their full potential 
by installing a package of corrective mirrors, 
effectively a pair of high-tech spectacles.

The process wouldn’t be totally painless 
– a repair mission couldn’t be organized 
overnight, and installing the corrective 
optics onboard meant having to make a 
heartbreaking choice. To make room for 
the bulky device, and bring the telescope 
back up to its planned performance, one of 
Hubble’s five scientific instruments would 
have to be sacrificed.
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Hubble’s servicing missions 
Hubble is not the only space telescope to 

have been launched. But it is the only one 

to have been serviced in space, and thanks 

to these regular repair missions, Hubble’s 

scientific mission has lasted longer than any 

of its peers.

The telescope was designed with a modular 

layout, and parts that could be relatively 

easily swapped in and out. Since its launch 

in 1990, five space shuttle missions have 

traveled to Hubble to carry out essential 

repairs and upgrades.

Servicing Mission 1, December 1993
The first mission to repair Hubble was the 

most vital, as the astronauts had to repair 

the flaws that had hindered the telescope’s 

operations since launch. They installed 

the Wide Field and Planetary Camera 
2, a new multi-purpose main camera with 

built-in optical correction, designed to take 

sharp pictures by canceling out the flaw in 

the mirror. They removed the High Speed 
Photometer to make room for COSTAR, a 

pair of high-tech spectacles that corrected 

the light captured by the other instruments. 

A new pair of solar panels was also installed, 

as the previous one had been causing 

unwanted vibrations. The astronauts also 

carried out a number of smaller tasks.

Servicing Mission 2, February 1997
The second servicing mission saw two 

new scientific instruments installed. The 

Near Infrared Camera and Multi-Object 
Spectrometer, designed for infrared 

observations, and the Space Telescope 
Imaging Spectrograph, which mainly car-

ries out ultraviolet observations, replaced two 

specialized instruments, the Goddard High 
Resolution Spectrograph and the Faint 
Object Spectrograph. The astronauts also 

carried out many upgrades to the space-

craft’s computer and technical systems.

Servicing Mission 3A, December 1999
NASA originally planned the third mission for 

mid-2000, with the usual combination of new 

instruments and repairs planned. However 

a technical failure in three of Hubble’s six 

gyroscopes – an essential part of the sys-

tem that keeps Hubble pointing in the right 

direction – left the telescope at risk of being 

shut down. Officials split the mission in two 

and brought the repairs forward. This turned 

out to be a wise move: In November 1999, a 

fourth gyroscope failed, leaving Hubble out 

of action for a month. As well as replacing 

the gyroscopes, the astronauts carried out 

further upgrades to the telescope’s systems, 

including a new computer.

Servicing Mission 3B, March 2002
Completing the upgrades that had been 

planned for summer 2000, the second half 

of the third servicing mission to Hubble finally 

launched in March 2002. Key upgrades were 

the installation of the Advanced Camera for 
Surveys, which would later be responsible 

for many of Hubble’s most famous images, 

and a new set of more powerful solar panels. 

The extra power allowed more of Hubble’s 

systems to be used at the same time. 

Servicing Mission 4, May 2009
The fifth and final servicing mission – confus-

ingly called Servicing Mission 4, thanks to 

the two-part third mission – very nearly didn’t 

happen. After the tragic loss of the space 

shuttle Columbia, the mission was consid-

ered too risky and canceled, only for a public 

outcry to resurrect it. Then, shortly before the 

planned liftoff in 2008, a system failure on 

Hubble led to a delay in the mission so that 

a repair kit could be developed. Because 

the space shuttle was being phased out, 

the team knew that this would be their final 

chance to upgrade and repair Hubble, so a 

bumper mission was planned. Astronauts 

installed a new general-purpose camera, 

Wide Field Camera 3, and a specialized 

spectrographic instrument, the Cosmic 
Origins Spectrograph, and repaired the 

Advanced Camera for Surveys and the 

Space Telescope Imaging Spectrograph, 
which had both broken down. They also 

swapped out many of the old and worn-out 

components, such as batteries and gyro-

scopes, to give the telescope as long a life 

expectancy as possible. After this, no more 

servicing missions would be undertaken.
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Servicing Mission 1 

The December 1993 servicing mission brought 

Hubble up to the standard that had been expected 

at launch. The astronauts carried out three major 

upgrades: 

 

Top: The Wide Field and Planetary Camera (WFPC1), 

Hubble’s main camera at launch, was replaced with an 

improved version called WFPC2. WFPC2 had a built-in 

optical correction that precisely reversed the distortion 

that came from the main mirror. 

 

Middle:The High Speed Photometer was removed 

and replaced with COSTAR (Corrective Optics 

Space Telescope Axial Replacement). COSTAR 

was a sophisticated array of small curved mirrors 

that refocused the light into Hubble’s three other 

instruments, so that they did not need to be replaced. 

 

Bottom: The astronauts replaced the solar panels 

that powered Hubble. As the telescope orbits Earth, 

it experiences a whole day and night cycle every 

90 minutes. The heating and cooling of the panels 

caused a slight jitter in the telescope that reduced its 

stability during observations. The new panels had an 

improved design that largely eliminated the problem.
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Hubble is 
finally in 
business
In December 1993, the space shuttle finally 
lifted off once more, returning to Hubble with 
the precious payload on board. In a mission 
that captured the world’s imagination, the 
team of astronauts opened up the telescope 
while floating hundreds of kilometers above 
Earth’s surface. As well as making the 
repairs to Hubble’s optics, the astronauts 
replaced the telescope’s solar panels, which 
had been causing an annoying jitter when 
they heated and cooled as the telescope 
passed between the night- and the day-
sides of Earth.

When the first images were published in 
January 1994, the improvement was simply 
astonishing. 

The promise of Lyman Spitzer and Hermann 
Oberth, and the wishes of frustrated astron-
omers going back centuries, were fulfilled. 
Hubble’s images were by far the best ever 
made of the cosmos, and the telescope was 
finally in business.

Although the flaw with Hubble’s mirror was 
a stroke of bad luck, the fact that it could be 
fixed at all was the result of foresight and 
good planning.

Hubble’s design is modular, and compo-
nents and even entire subsystems can be 
slotted in or taken out in orbit. Following 
the 1993 repair mission, the space shuttle 
returned to Hubble another four times to 
carry out repairs and install new and more 
advanced instrumentation. 

The Hubble Space Telescope today is even 
more powerful than it was when it revolution-
ized our understanding of the cosmos in the 
1990s.

Hubble’s improving vision 

This remarkable series of portraits of the nearby 

galaxy Messier 100 illustrates how Hubble’s vision has 

improved since launch. 

 

The two images (top left) show the dramatic 

improvement after the December 1993 Hubble repair 

mission. Images snapped by the pre-repair WFPC1 

camera (left), and the optically corrected WFPC2 

camera (top right), are dramatically different. A 

corrective optics module was also installed during the 

first servicing mission to restore 20/20 vision to the 

telescope’s other instruments. The images taken after 

Hubble’s repair amazed the world with their clarity. 

 

However, while the December 1993 servicing mission 

marked the point at which Hubble finally fulfilled 

its promise, it was not the end of the telescope’s 

improvements. Subsequent servicing missions (right) 

saw further upgrades and new instruments installed, 

including the ACS and WFC3 cameras, which are the 

main instruments in operation today. A later image of 

Messier 100 (bottom) was taken by the ACS in high-

resolution mode in 2004, and is much sharper than 

the earlier image that caused such a stir when it was 

first published.



Hubble after Servicing Mission 3B
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Because of Hubble’s special requirements, it 
is far from a standard spacecraft; vibrations 
must be kept low to ensure sharp observa-
tions, and the temperature of the sensitive 
scientific instruments must be kept constant 
despite the wildly fluctuating temperature 
outside.

To function as an observatory, Hubble must also work as a spacecraft. Maintaining a functioning 

astronomical facility on an unmanned satellite that orbits the Earth every 96 minutes, alternating 

between the freezing cold of Earth’s night side and the baking heat of sunlight, is no simple task.

sPacEsHiP 
HUbblE

Thanks to its unusual mission and the need 
to accommodate a large optical assembly 
(including its 2.4-meter mirror) and bulky 
scientific instruments, Hubble is unusually 
big, roughly the size of a tour bus. It is also 
unusually heavy: More than 11 tons, when 
most satellites weigh in at less than two tons.

Along with the International Space Station, it 
is one of a handful of satellites to have been 
serviced and upgraded by astronauts. The 
design choices that made this possible have 
profoundly affected the way Hubble looks 
and works.

The NASA/ESA Hubble Space Telescope 

The Hubble spacecraft in orbit as photographed 

during Servicing Mission 4 in 2009.



Hubble under construction

When we see Hubble in orbit, it’s hard 

to get a feeling for the scale. But photos 

of the telescope when it was under 

construction in the 1980s reveal just how 

big it is. Look at the people standing on 

the gantry in the foreground. Hubble is 

similar in size to a typical tour bus and 

weighs more than 11 tons.



Two Hubble sections

Hubble is built to a modular design. 

This is partly because the spacecraft 

is roughly divided into two sections: A 

long (and largely empty) tube into which 

the telescope assembly fi ts, and a wider 

section at the rear containing the scientifi c 

instruments and spacecraft systems. 

It is also partly because Hubble was 

designed to be repaired and upgraded in 

orbit, so the sections had to be relatively 

easy to separate while the astronauts 

were working. In this photo, taken during 

Hubble’s construction, the telescope 

portion (known as the optical telescope 

assembly) is hanging from a crane before 

being joined to the section of the satellite 

that would later house all the spacecraft 

systems (known as the aft shroud).



Primary mirror 

The main 2.4-meter mirror gathers and 

focuses starlight. Hubble’s mirror is made 

of glass coated with a thin layer of reflective 

aluminum. Large mirrors produce brighter and 

sharper images; thus, it was worth the effort to 

get this huge chunk of glass into space.

Aft shroud 

The rear half of Hubble, housing the 

spacecraft systems and scientific 

instruments.

Fine Guidance Sensors 

Three large instruments called fine guidance 

sensors help Hubble to find its bearings by 

measuring and locking onto the positions 

of stars within the telescope’s field of view. 

They are occasionally used for specialized 

scientific observations that require accurate 

measurements of the positions and brightnesses 

of stars.

Near Infrared Camera and Multi-object 

Spectrometer (NICMOS) 

NICMOS performs imaging and 

spectroscopy in the near-infrared. Following 

a series of malfunctions, NICMOS is not 

currently operational, although no decision 

has been made about whether further 

attempts will be made to restart it. WFC3’s 

infrared functions can perform some of 

the observations for which NICMOS is 

designed. NICMOS replaced the Goddard 

High Resolution Spectrograph, a specialized 

ultraviolet spectrometer, during Servicing 

Mission 2.

Advanced Camera for Surveys (ACS) 

Installed during Servicing Mission 3B, ACS is 

Hubble’s second multi-purpose camera designed 

for high-resolution imaging. The functions of the 

two cameras overlap significantly so that imaging 

can continue should one of them break down. 

ACS has a slightly lower resolution and larger field 

of view than WFC3. It replaced the Faint Object 

Camera, which launched with Hubble.

Space Telescope Imaging Spectrograph (STIS) 

Primarily an ultraviolet spectrograph, STIS can 

also take small images in the ultraviolet, which has 

helped it to snap the aurorae on Jupiter and Saturn. 

STIS replaced the Faint Object Spectrograph in 

Servicing Mission 2.

Cosmic Origins Spectrograph (COS) 

This specialized instrument studies the ultraviolet 

light from the distant universe, helping to probe 

the origins of the universe. COS was installed 

during Servicing Mission 4, replacing COSTAR, 

the corrective optics package installed during the 

first servicing mission to refocus the light from 

the flawed primary mirror. Because all the new 

instruments installed since then have had built-in 

optical correction, COSTAR is no longer required. 

COSTAR was installed in place of the High Speed 

Photometer.

Gyroscopes 

Hubble needs to be able to reorient itself 

to find and track astronomical objects. 

Gyroscopes provide the information 

required to keep it perfectly steady.

Soft Capture Mechanism 

The Soft Capture Mechanism, installed during 

Servicing Mission 4, is essentially a hook on the 

back of the aft shroud. Once the telescope has 

finally stopped working – estimated to be later this 

decade – a rocket will be sent up to dock with the 

Soft Capture Mechanism and safely deorbit Hubble 

so that it crashes far from inhabited areas.



Secondary mirror 

The secondary mirror reflects the focused light 

through a hole in the primary mirror onto the 

instruments within the telescope’s aft shroud.

Optical Telescope Assembly 

The front half of Hubble, combining 

the mirrors, the struts, and the metal 

surrounding them, is known as the optical 

telescope assembly. Its design is very 

similar to that of telescopes on Earth.

Wide Field Camera 3 (WFC3) 

Installed during Servicing Mission 4, WFC3 is 

one of Hubble’s two workhorse general-purpose 

cameras. It can produce sharp, high-resolution 

images throughout the visible spectrum, as well 

as in the ultraviolet using one of its detectors and 

in the near-infrared with the other. WFC3 replaced 

the Wide Field and Planetary Camera 2 (WFPC2), 

which in turn had replaced the Wide Field and 

Planetary Camera (WFPC) in Servicing Mission 1.

High-gain antennas 

These provide Hubble’s connection to the ground, 

although the telescope doesn’t beam data down to 

Earth directly. The antennas pass the signals on to 

the Tracking and Data Relay Satellite System, which 

in turn beams the information to mission control.

Solar panels 

Hubble’s solar panels have been replaced a 

few times during the mission, and they have 

not all looked the same. The most recent set 

are the smallest and most powerful.

Central computer 

Hubble’s brain is not a supercomputer! 

Despite upgrades over the years, the 

computer that runs Hubble has a lowly 

486 processor, the kind that powered 

PCs in the early 1990s.

Reaction wheels 

Hubble can’t move around using rockets 

because the vibrations and gases would ruin 

the observations. Instead, the gyroscopes work 

with reaction wheels to orient the telescope. 

The wheels are spun around, and the telescope 

slowly begins to rotate in the opposite direction. 

Aperture door 

The door can close over the telescope, 

preventing light from entering and damaging 

the telescope even if it points at the Sun. If 

the telescope shuts down, the door closes.

Batteries 

Hubble’s solar panels produce 

electricity only for half of each orbit, 

as the telescope spends half its life 

on the night side of the Earth. Large 

batteries power the instruments 

during this time.

Thermal insulation 

Hubble has to withstand large fluctuations in 

temperature during its orbit around the Earth. The 

reflective and insulating outer layers protect the 

delicate electronics inside from being damaged 

by these fluctuations while maintaining stable 

conditions for making observations.

Baffles 

These slats inside the optical telescope assembly 

stop any stray light from being reflected and 

degrading the quality of the observations.



Servicing Hubble in 1999

Astronauts Steven Smith (bottom) and 

John Grunsfeld (above, behind the 

equipment) at work during Servicing 

Mission 3A. Hubble’s aft shroud is open 

behind them, showing how Hubble was 

designed to allow in-fl ight servicing.



What can possibly go wrong?

We are very used to seeing spectacular 

images from Hubble, and they make it 

all seem easy. However, a lot is going on 

behind the scenes. On this rare occasion 

when Hubble’s fi ne guidance sensors 

failed to lock onto a guide star, a tracking 

error resulted, and this remarkable picture 

of brightly colored stellar streaks was 

produced. 
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Magnetic monster NGC 1275

One of Hubble’s claims to fame is its 

sharp vision. This stunning image of 

NGC 1275 was taken using the Hubble’s 

Advanced Camera for Surveys in July and 

August 2006. It provides amazing detail 

and resolution of the fragile fi laments, 

which appear as a reddish lacy structure 

surrounding the central bright galaxy. 

These fi laments are cool despite being 

surrounded by gas that is at a temperature 

of around 55 million degrees Celsius. 

They are suspended in a magnetic fi eld 

that maintains their structure and transfers 

energy from the central black hole to the 

surrounding gas.
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Being 600 kilometers above the atmosphere 
means that for most types of observations, 
Hubble gives sharper images than any other 
telescope in operation. That includes huge 
ground-based telescopes many times its 
size.

Hubble also makes a second type of obser-
vation that does away with pictures in favor 
of measuring the colors and intensity of 

Hubble has become famous for its exceptional images of the night sky. Although the quality of 

telescope images is usually proportional to the telescope’s size, and Hubble is only a mid-sized 

telescope by modern standards, it has an ace up its sleeve: Its position high above the Earth’s 

atmosphere and away from the distortions the atmosphere introduces into ground-based images. 

HUbblE  
VisiOn

light coming from astronomical objects. For 
astronomy enthusiasts, these observations 
might be less exciting – no pictures, after 
all – but they lie behind many of Hubble’s 
most interesting and important discoveries.

This chapter outlines how Hubble sees the 
cosmos, from the moment the light enters 
the telescope’s tube to when it hits the 
specialized light detectors in the scientific 

instruments at the other end of the space-
craft, and from there, how these digital data 
are turned into pictures we can recognize.

Most of Hubble’s volume is taken up by the 
telescope assembly itself, the combination 
of mirrors that captures and focuses star-
light. The technology that runs and powers 
the spacecraft and the instruments that 
analyze the light are comparatively small.

Big and small mirrors 

The Very Large Telescope in Chile and the Subaru 

telescope, each with a mirror 8.2 meters across, 

are the largest single-mirror optical telescopes in 

the world. Hubble’s mirror, shown to scale, is much 

smaller, yet it still achieves better image quality thanks 

to its location above the atmosphere. Technological 

tricks on ground-based telescopes can correct for 

atmospheric distortions, but there are practical limits 

to this.
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Amazingly, Hubble’s basic layout goes back 
to the earliest years of telescope design. 
Astronomers call Hubble’s basic design a 
Cassegrain telescope, a setup based on the 
use of curved mirrors rather than lenses to 
focus light. The light enters the front of the 
telescope, bounces off a main (or primary) 
concave mirror 2.4 meters across and then 
off a secondary convex mirror, finally pass-
ing through a small hole in the center of the 
primary mirror. The first reflecting telescopes 
built to this design date back to the 17th 
century, although they were much smaller, 
and unlike Hubble, they had an eyepiece 
behind the primary mirror, rather than a 
digital camera. 

Using mirrors instead of lenses in a tel-
escope offers a number of big advantages 
and a couple of small disadvantages. Big 
mirrors are easier to make than big lenses 
(the biggest lens-based telescope in the 
world is less than half Hubble’s diameter), 
and mirrors tend to produce fewer image 
imperfections than glass lenses. Mirrors 
are also much lighter, which matters when 
launching something into space!

On the other hand, mirror-based telescopes 
also have some drawbacks. The most obvi-
ous is the cross-shaped distortion seen in 

images of stars, which appears because 
the struts that support the secondary mirror 
disrupt the path that light follows through the 
telescope.

Despite this small drawback, all the major 
astronomical telescopes in use or under 
construction today use mirrors to focus their 
light.

Once the light has passed through the hole 
in Hubble’s primary mirror, the similarity 
with early telescopes ends. Instead of an 
eyepiece that astronomers strained to look 
through, Hubble has a suite of scientific 
instruments, each the size of a small ward-
robe. These instruments contain the light 
detectors that capture images and measure 
the properties of light.

The set of instruments installed in Hubble 
has changed over time as technology has 
improved. During four of the five space 
shuttle trips to Hubble, astronauts installed 
new cameras and instruments, so Hubble’s 
capabilities have not stood still. However, 
the basic arrangement has always been 
the same: A mixture of digital cameras, opti-
mized to take pictures at different resolutions 
or wavelengths, and spectrographs to study 
the properties of light.

A Cassegrain telescope 

The Cassegrain telescope is a popular design for 

astronomical telescopes. Light enters, bounces off 

a large, concave primary mirror and then off a small, 

convex, secondary mirror; it is then focused through a 

small hole in the primary mirror. 

CCD detector for Hubble 

This is the image detector for Hubble’s Advanced 

Camera for Surveys. Although it is far more sensitive 

and can detect a broader range of colors and 

intensities of light, the technology is fundamentally the 

same as that in consumer-grade digital cameras.



Challenges in the cosmos

This picture of a bright star in front of a faint 

galaxy illustrates two challenges faced by 

telescope designers. First, the struts that 

support the secondary mirror interfere with 

the path of the incoming light, forming a 

cross-shaped pattern that is superimposed 

on bright sources of light. Second, the light 

of bright objects is not perfectly focused to 

a single white spot, but is spread out, and 

the brighter the object, the more the light 

spreads. The extremely bright star in this 

image is so far away that it should appear 

smaller than a single pixel on Hubble’s 

detector. In practice the light is spread out 

into a large disk. The larger the telescope, 

the more tightly it can focus light, but this 

spreading effect cannot be eliminated 

altogether. The problem is fundamental; 

the laws of physics show that light can 

never be perfectly focused, even by a 

perfect telescope. Bad telescope design is 

not at fault.
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Hubble’s cameras work in much the same 
way as a normal digital camera. Image 
detectors called charge-coupled devices 
(CCDs for short) with up to 16 million pixels 
detect light levels and read them out to 
produce an image. Hubble’s CCDs are 
much more sensitive at low light levels and 
capture far more accurate data than those 
in a mass-produced camera, but the basic 
technology is the same. The main difference 
is how Hubble detects color.

CCDs, whether in a camera phone or 
onboard Hubble, measure only brightness. 
They can’t detect color directly. The only way 
to take color images with CCDs is to place 
colored filters in front of them. By choosing 
filters that match the three primary colors 
that our eyes see, it is possible to combine 
the filtered images into a single color image. 

Digital cameras do this by having tiny fil-
ters in front of every pixel on the detector. 
Usually, half the pixels have green filters, a 
quarter have red, and a quarter have blue. 
(There are extra green ones to match our 
eyes’ extra sensitivity to green light.) The 
electronics in the camera then combine 
the overall brightness of the image with the 
color information from the individual pixels 
to reconstruct the image – a process that 
involves some guesswork, as no single pixel 
records more than one color. 

Our eyes see in a fairly similar fashion. The 
light-detecting cells in our retinas are each 
sensitive to a single color – red, green, or 
blue – and our brain reconstructs the color 
image from it. 

That kind of guesswork is fine for photog-
raphy, and the resulting image is so close 
to perfect as to make no difference. You 
may be able to spot an occasional slight 
graininess if you look very closely. But in 
a scientific image where the colors matter 
greatly, every single pixel potentially has 
scientific value, and any graininess might 
ruin the observations.

Instead, Hubble and other telescopes use 
filters that cover all the pixels on the detec-
tors at the same time. To make color images, 
the filter has to be changed and a whole new 
image taken, a minor inconvenience that 
allows for better detection of the colors in 
images. 

This also means that Hubble can home in 
on more precise colors than a digital camera 
can. Where a digital camera captures just 
red, green, and blue, Hubble has dozens 
of filters tuned to different wavelengths of 
visible, infrared, and ultraviolet light. This 
means that for detecting color, Hubble is 
not just better than digital cameras: It’s also 
much better than our eyes.

Color filters in consumer camera 

Consumer digital cameras, including those in mobile 

phones, produce color images through some clever 

trickery. Each pixel has a red, green, or blue filter in 

front of it and records the intensity of just that single 

color of light. The electronics in the camera then 

combine the information from the red, green, and blue 

pixels to produce a full-color image, even though each 

individual spot on the image was recorded in only a 

single color.

Why color 
matters
Color tells us a great deal about the universe 
around us.
 
A bar of iron in a blacksmith’s forge glows 
because it is hot, and the precise color that 
it glows depends on its temperature. Heat 
it up and it becomes red at around 800 ºC. 
If you heat it more, you see the metal turn 
orange at around 1,000 ºC. Soon after that, 
the iron melts, and when the temperature 
reaches 2,862 ºC it will actually evaporate. 
However, if you could find a more robust 
material and a hot enough forge, you would 
find that the colors keep changing as the 
temperature rises. The bar will turn yellow 
at about 3,000 ºC, then white at around 
5,000 ºC, and finally light blue as you heat it 
beyond 10,000 ºC. So much for blue being 
a cold color.
 
Colors don’t tell us only about temperature; 
they can also tell us about how light is 
transmitted through something. The sky 
isn’t blue because it’s hot, but because of 
the way air scatters blue light from the Sun 
more than it scatters red or green. Sunsets, 
on the other hand, are red because dust in 
the atmosphere blocks blue light but not red.
 
Colors can even tell us about what some-
thing is made of. Neon signs always glow 
exactly the same shade of red. Running 
electricity through the gas inside the tube 
excites the atoms of the gas in such a way 
that they emit a specific wavelength of light, 
and no other. Fluorescent signs filled with 
other gases glow in other colors, with each 
gas producing its own distinctive and unique 
shade.
 



33

All of these phenomena that we see on 
Earth can happen in space too, and since 
we can’t travel to distant stars or galaxies 
to analyze them ourselves, we can study 
them only through the light that reaches our 
telescopes. That’s why Hubble has so many 
filters, some of them tuned to incredibly 
specific colors linked to different types of 
excited gases. The simple red, green, and 
blue that our eyes and cameras see is just 
not good enough for much of this science.
 
Thanks to its range of filters, Hubble’s 
images can be made up of many more 
colors than our eyes can see, extending 
into the ultraviolet and infrared, as well as 

revealing many more subtle variations in 
color than human eyes can sense. 

Yet Hubble’s pictures, with their incredibly 
subtle colors, are actually still quite lim-
ited. The universe is not made up of three 
colors, or six or twelve, but of an essentially 
infinite number, with infinitely fine gradations 
between them. A Hubble image with just a 
few dozen filters cannot hope to fully capture 
this richness of color. To make things worse, 
time on the telescope is so precious that it’s 
quite unusual for astronomers to use more 
than three or four of these filters in any one 
set of observations. 

Many observations for one image 

Galaxy NGC 1512, observed with different instruments 

using Hubble. The instruments capture different 

wavelengths of light from ultraviolet to near-infrared; 

some of them are invisible to the human eye, and 

others are visible, but so subtly different from each 

other that the naked eye cannot tell them apart.

To spot many cosmic phenomena, detailed 
pictures with limited color information, such 
as Hubble’s images, aren’t what you need. 
Instead, you need as much information as 
you can possibly get, and for this, it’s OK to 
sacrifice the big picture.
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spectrographs: Unweaving the rainbow
This is where Hubble’s other instruments 
step in, analyzing the detailed color prop-
erties of astronomical objects rather than 
making detailed pictures of the sky. This is 
the science of spectroscopy.

Spectrographs play a role in about a third 
of Hubble studies, and certain fields such 
as exoplanetary science and cosmology 
are heavily reliant on them. These studies 
explain why many of the telescope’s most 
important discoveries in this book have art-
ist’s impressions, rather than real images, to 
illustrate them.
 
Hubble’s spectrographs each function a 
bit like a prism, which splits white light into 
a rainbow. The variations in brightness 
between the colors of this rainbow, some-
times subtle, sometimes dramatic, can 
help astronomers study a vast number of 
phenomena. Where Hubble images might 
let them probe only a couple of colors, the 
spectrographs let them detect a smooth 
continuum in as much detail as they want, 
seeing essentially an infinite number of 
colors, each only subtly different from the 
next.
 
Almost everything Hubble has discovered 
about planets in other solar systems has 
come from spectrographs. Faraway planets 
are just too tiny and too distant to see in any 

detail. At best, you might see a single pixel 
with Hubble’s cameras, but most of the time 
you can’t even do that. You can detect the 
planet only through its effect on the light 
coming from its star, both trapped within 
a single point of light on the telescope’s 
detector.

Yet Hubble studies of the light coming from 
planetary systems have revealed astonish-
ingly detailed information about what’s 
going on within this single pixel. For exam-
ple, by studying the chemical fingerprint of 
different elements in a planet’s atmosphere 
as starlight shines through it, scientists have 
been able to determine which gases exist 
in the atmospheres of planets tens of light-
years from Earth. (None so far has the gases 
we need for life.) 

Hubble has been able to watch the effect of 
space weather when a stellar flare scalds the 
upper layers of a planet’s atmosphere, boil-
ing it off into space. It has even managed to 
determine the color of the sunset on a planet 
by probing the color of the star, the gases in 
the planet’s atmosphere, and the properties 
of the haze high in the exoplanet’s skies.

In astronomical terms, all the exoplanets we 
have studied to date are relatively nearby. 
The vast majority are within 1,000 light-
years, just 1% of the way across our galaxy. 

However, as Hubble’s namesake, Edwin 
Hubble, showed in the early 20th century, 
the universe is a really big place, and it is 
getting bigger all the time.
 
The most distant galaxies detected by 
astronomers are so far away that their light 
has taken over 13 billion years to reach 
us. (That doesn’t mean they are 13 billion 
light-years away; the universe has continued 
to expand since they emitted that light, so 
these galaxies, or the galaxies they have 
evolved into, are more distant still.) Even 
with Hubble’s sharp images these look like 
tiny blobs.
 
The Hubble Ultra Deep Field, pictured on 
page 87, is a remarkable long-exposure 
image that took two weeks of exposure 
time and contains several of these galaxies 
in its background. It is arguably one of the 
most important images in history, featuring 
Hubble as a time machine that can look 
back through 13 billion years of cosmic his-
tory, 96% of the way back to the Big Bang. 
Yet this image reveals no details of these 
faraway galaxies; they are just too small, too 
faint, and too indistinct.
 
Once again, spectroscopy comes into play, 
with much of what astronomers know about 
distant galaxies coming from spectra rather 
than images.

Sunrise on HD 189733b 

Thanks to Hubble’s spectrographic analysis of the 

colors of its star’s light, scientists have been able 

to deduce the color of the sunset on exoplanet 

HD 189733b. This artist’s impression is based on 

these Hubble observations and further calculations 

and simulations of how the parent star would look as 

seen by an observer flying through the gas planet’s 

upper atmosphere.
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Seeing in the 
dark
Distant galaxies are a particularly dramatic 
case of astronomical objects that are both 
small and dim, and hence very hard to see. 
Hubble has been able to detect them only 
thanks to highly sensitive instruments, long 
exposure times, and a large mirror that lets 
in lots of light. (The pupil in the human eye 
is only a few millimeters across, so Hubble, 
with its 2.4-meter mirror, has a big advan-
tage for seeing in the dark.)

Frequently, however, the reason astrono-
mers need a telescope is not so much to 
see things that are too small to see with 
the naked eye, but to see things that are 
too faint. The Andromeda Galaxy, probably 
the most famous spiral galaxy known, is 
actually six times the size of the full Moon in 
the night sky; the reason that you probably 
haven’t seen it is not that it’s very small, but 
that it’s very faint. The Orion Nebula and 
the star cluster Omega Centauri, both also 
bigger than the full Moon, are visible only 
as small and slightly fuzzy “stars;” the Helix 
Nebula, almost as big as the full Moon, is 
totally invisible to the naked eye. All of them, 
however, can be easily seen (even without a 
telescope) with long-exposure photographs.

The standard field of view for Hubble’s 
images is usually around a tenth of the 
width of the full Moon, so the objects in the 
images are usually big enough – just – to be 
seen with the naked eye. However, they are 
almost always much fainter than our eyes 
can see.

This, combined with Hubble’s wide set of 
colored filters and its ability to see ultraviolet 
and infrared light invisible to the human eye, 
means that the images in this book are not 
simply close-ups. If you travelled through 
space until you were close to these majestic 
spiral galaxies or colored nebulae, your eyes 
would barely be able to see them at all.

How  
Hubble’s 
images are 
made
 
So how are Hubble’s images made?

The data that are beamed down from Hub-
ble contain far more information than the 
human eye can see and far more than can 
be printed on paper.

Turning the scientific data into a picture 
that can be printed or seen on a screen 
is not entirely straightforward, as it means 
selecting the range of colors that will appear 
and how contrast and brightness are rep-
resented. For objects such as galaxies 
with very bright centers and very faint outer 
regions, this is particularly challenging. This 
treatment of data is called image process-
ing, and it is a mixture of science and art.

When astronomers process data for their 
scientific papers, they will typically process 
it in the way that yields the greatest clarity 
for the phenomenon they are examining, 
even if it makes the rest of a picture less 
clear. For instance, if they are studying the 
properties of stars in the outer reaches of 
a galaxy, they will increase the brightness 
to bring out detail in the spiral arms, even 
if it means the center of the galaxy looks 
completely burned out.

For the pictures presented in this book and 
shown on television and in newspapers, the 
image processors try to be more balanced, 
and a bit more artistic. They select filters, 
brightnesses, and contrasts so as to bring 
out the broadest range of detail, giving the 
best possible all-around view of how objects 
look. For galaxies, for instance, this means 
compressing the dynamic range so that the 
bright centers look fainter than they really 
do, and the faint spiral arms look brighter.

Image processing is not an optional extra 
– there are no unprocessed images that 
can be printed, any more than a photogra-
pher back in the days of analog cameras 
could look at an unprocessed roll of film. 
Image processing translates the data from 
a telescope, which sees things the human 
eye can’t, into something that can be rep-
resented with ink and seen by the human 
eye. However, although Hubble images are 
processed by specialists, the images in this 
book, unless clearly stated otherwise, are 
real. They are not artist’s impressions.



As large as the Moon

The Helix Nebula, almost as large as the 

full Moon, is totally invisible to the naked 

eye. Astronomers use telescopes to 

capture faint light as much as they do to 

make things look bigger.
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Hubble has observed six of the Solar 
System’s eight planets: It hasn’t observed 
the Earth (although it very occasionally 
looks at the Moon), and it hasn’t observed 
Mercury, which is too close to the Sun and 
this would risk damaging Hubble’s sensitive 
instruments. 

In addition, Hubble has spotted moons 
around other planets, studied several dwarf 
planets (including Pluto, the most famous) 
and watched asteroids and comets as they 
perform their cosmic ballet around the Solar 
System.

The planets of our Solar System formed out of the debris that swirled around the Sun when 

it formed some five billion years ago. As the dust and rocks gradually coalesced, the Solar 

System we know emerged. Hubble’s high-resolution images of the planets and moons in our 

Solar System are surpassed only by pictures taken from the spacecraft that actually visit them. 

Hubble even has one advantage over these probes: It can look at these objects periodically 

and so observe them over much longer periods than any passing probe.

PlanETs

However, this is just our cosmic backyard. 
There’s a vast universe out there to be 
explored.

When Hubble was launched in 1990, the 
planets of the Solar System were all we 
knew. Scientists had long suspected that 
other stars might harbor planetary systems 
like our own, but the first detection of a so-
called exoplanet came in 1992. Over the 
following years, a trickle of new discoveries 
came, which has grown into a flood in recent 

years. At the time of this writing, just short 
of 1,000 exoplanets have been confirmed, 
with many more likely candidates identified.

Although it was designed and built before 
exoplanets were even known, Hubble has 
played a big role in discovering and charac-
terizing these distant alien worlds.

Jupiter, the giant 

Jupiter, by far the largest planet in the Solar System, 

seen in 2009. The dark patch on the bottom right of 

the planet is the size of the Pacific Ocean and is a 

bruise left by an asteroid hitting the planet.
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Our cosmic neighborhood
The planets of the Solar System are not just 
our close neighbors; they formed out of the 
same disk of dust and gas that we did, more 
than four billion years ago. We share an 
origin as well as a neighborhood with them. 
And yet, the planets are all very different.

The outer Solar System is dominated by 
huge, gaseous planets, and the inner 
region is dominated by rocky ones. Some, 
like Earth and Venus, have thick atmos-
pheres, while Mars and Mercury have little 
or no atmosphere. Differences also appear 
among the giant gas planets. They are all 
composed predominantly of hydrogen, but 

Pluto, the most famous dwarf planet 

Pluto was considered to be a planet for decades after its discovery. It is now classified as a dwarf planet, one of 

several known to orbit the outer region of the Solar System. It is so distant and so small that it cannot be observed 

in detail by Hubble. In this image, the object closest to Pluto is its largest moon, Charon. The four smaller points of 

light are its moons Nix, Hydra, Kerberos and Styx. The left and right sides of this image have been brightened to 

make Pluto’s smaller, fainter moons visible.

their sizes, densities, climates, and propor-
tions of other gases vary hugely.

There is also a plethora of smaller objects 
whizzing about the Sun – comets, asteroids 
and dwarf planets.

The most famous of these is Pluto, until 
recently considered a planet in its own 
right, despite being even smaller than the 
Moon. Recent discoveries of other similar 
icy objects with highly elliptical orbits in the 
outer Solar System proved that Pluto was far 
from unique. In 2006, astronomers agreed to 
create a new class of Solar System objects 

Sharpest ever view of Mars from the Earth 

This view of Mars, the sharpest image ever taken of 

Mars from the Earth, reveals small craters and other 

surface markings only about a few tens of kilometers 

across. The Advanced Camera for Surveys (ACS) 

aboard Hubble snapped this image on August 24, 

2003, just a few days before the red planet’s historic 

close encounter with Earth. 

 

Among the Martian surface features are numerous 

craters, large volcanoes and Valles Marineris – the 

most prominent canyon in the Solar System. These 

kinds of features, identified by past and present 

spacecraft that have orbited Mars, are also being 

studied in detail, but they had never before been seen 

this clearly from the Earth. 

 

The black diagonal “finger” of missing data at about 

the eight o’clock position is a part of the ACS High 

Resolution Channel’s coronagraph, which is designed 

to block light from bright stars so that fainter objects 

near the stars can be studied. 

to cover these. Bigger than asteroids, but 
smaller than planets, Pluto and its ilk are 
now called dwarf planets – a classification 
that remains controversial to this day.

Outnumbering the planets and dwarf plan-
ets in number, if not in size, are asteroids 
and comets, leftovers from the formation of 
the Solar System. There are a vast number 
of these, ranging from objects the size of 
boulders to balls of rock hundreds of kilo-
meters across.
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Asteroids are the rocky fragments left over 
from the churning protoplanetary disk that 
surrounded the young Sun and formed the 
planets, and are the rubble left over from 
the Solar System’s construction. They orbit 
in among the planets, the vast majority of 
them in a broad belt between the orbits of 
Mars and Jupiter.

Comets, however, are quite different. They 
spend most of their lives in the far outer 
reaches of the Solar System, but their highly 

Our dynamic Solar System as seen by Hubble 

Despite being about 5 billion years old, the Solar 

System is still a relatively young place with lots of 

action. 

 

Here are four examples of violent changes to comets 

and asteroids (from top down).  

 

In 2006, Hubble watched Comet 73P/Schwassmann-

Wachmann 3 disintegrate. The comet had been known 

since the 1930s, but on its most recent approach to 

the Sun, it broke into several dozen fragments. 

 

Comet C/1999 S4 LINEAR broke apart in 2000 and 

disintegrated. 

 

In July 1994, 24 fragments of Comet Shoemaker–Levy 

9 rained down on Jupiter. Here the fragmented comet 

is seen before the impact (see p.44), but after Jupiter’s 

gravitational forces had ripped it apart.  

 

Comet-like Asteroid P/2010 is the product of a 

head-on collision between two asteroids traveling five 

times faster than a rifle bullet. Collisions in the Solar 

System are common, although they are becoming 

increasingly rare as the Solar System ages and 

slowly vacuums itself free of debris. However, such a 

smash-up has never before been caught on camera.

elliptical orbits occasionally bring them 
sweeping into the inner Solar System, near 
to the Sun and Earth. Made largely of ice, 
comets start to evaporate as they pass near 
the Sun, producing long tails of reflective 
gas that are occasionally but spectacularly 
visible in the night sky.

Hubble has contributed to our understand-
ing of all of these objects. While the resolu-
tion of its images cannot compete with that 
of images from probes that actually travel 

through the Solar System, Hubble has other 
advantages. In particular, it can react quickly 
(whereas probes might take years to travel 
to their targets) and can observe over long 
periods of time – months, or even years – 
tracking planetary climates and seasons. 
Probes, in contrast, often have only a few 
days in which to gather their data.
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Hubble’s value was demonstrated soon after 
the repair mission in December 1993 that 
restored its eyesight. In July 1994, comet 
Shoemaker-Levy 9 smashed into Jupiter, the 
Solar System’s biggest planet by far. Hub-
ble imaged the fragments of the comet as 
they plunged into the planet’s atmosphere, 
leaving huge black bruises bigger than the 
Earth. As well as triggering a rash of asteroid 
disaster movies such as Armageddon and 
Deep Impact, the Shoemaker-Levy 9 impact 
gave scientists a chance to make exciting 
new measurements of Jupiter’s dynamic 
atmosphere.

For the most distant planets of the Solar 
System, Uranus and Neptune, Hubble’s 
monitoring is particularly valuable, since 
these planets have been visited only once 
by robotic probes. Voyager 2, which visited 
these planets in the late 1980s, provided the 
first and so far only detailed snapshots, but 
it quickly flew past and out of range without 
ever going into orbit around them.

Uranus has the most extreme seasons in 
the Solar System, with one hemisphere in 
constant sunlight and the other in constant 
darkness for much of the Uranian year. 
Therefore, a snapshot such as those from 
Voyager 2 gives only a limited understand-
ing. Hubble’s images of Uranus, while much 
less detailed than the probe’s, have yielded 
insight into the winds and storms unleashed 
in the Uranian atmosphere as the seasons 
come round in violent succession.

Slamming into Jupiter 

Comet Shoemaker–Levy 9 disintegrated and then 

crashed into Jupiter in July 1994. Coming so soon 

after Hubble’s repair, this was a seminal moment in 

the telescope’s history. Images beamed back from 

Hubble showed a series of black bruises on the planet 

where the comet’s fragments had plunged into the 

thick atmosphere. These gradually faded over the 

following months.



Neptune, the most distant planet 

Four images of Neptune taken a few hours apart 

show it rotating on its axis. The pink features 

are clouds in the planet’s thick atmosphere. 

Neptune is the most distant of the eight planets, 

meaning that even Hubble cannot make 

particularly sharp observations.

Uranus 

Uranus and its rings seen in 2005. Making images 

of bright and dim objects at the same time is 

extremely challenging. This image of Uranus 

is a composite of images with long and short 

exposure times so that the very bright planet and its 

extremely faint rings can be seen together.



Time-lapse movie of Saturn and its moons 

This sequence of images shows Saturn as 

four of its satellites, Titan, Enceladus, Mimas 

and Dione, passed in front of its disk in 2009. 

This is a relatively rare event, occurring only 

every 14 to 15 years. Titan, the largest of 

Saturn’s moons, casts a clear shadow as 

it crosses near the top of Saturn in these 

images. So far, Titan is the only satellite of 

another planet on which a spacecraft has 

landed; ESA’s Huygens probe touched down 

on Titan in 2005.



47

Hubble’s images of the aurorae – northern 
and southern lights – on Saturn and Jupiter 
are unique. Because they glow largely in 
ultraviolet light, which is blocked by the 
Earth’s atmosphere, they are virtually impos-
sible to study from the ground. Hubble has 
not only produced detailed images of this 
phenomenon but has made movies of the 
auroral dance.

Even for planets closer to home, however, 
Hubble’s long-term observations provide 
insights into changes in climate and weather 
that aren’t attainable by other means. During 
the Mars Pathfinder probe’s journey to the 
red planet in 1997, there were no opera-
tional satellites orbiting Mars able to check 
the Martian weather. Hubble served as a 
weather forecaster, spotting the wind and 
dust in the atmosphere.

Aurora dancing on Saturn 

Like the Earth, Saturn has aurorae. Hubble 

observations of the aurorae taken in ultraviolet light 

using the Space Telescope Imaging Spectrograph are 

here seen over a period of 4 days.

Studying Mars’s weather 

These images show Mars on the last day of Martian spring in the northern hemisphere. The annual north polar carbon dioxide frost (dry ice) cap is rapidly sublimating, revealing 

the much smaller permanent water ice cap. Also several bright water ice clouds are visible. The brightest clouds are in the vicinity of the giant volcanoes on the Tharsis Plateau 

(to right of center on left image), and in the giant impact basin, Hellas (near bottom of right-hand image), but a diffuse haze covers much of the Martian tropics as well.
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beyond the solar system
Some of Hubble’s greatest contributions 
to planetary science have come in a field 
that did not even exist when the telescope 
was being planned. Hubble’s design and 
construction date back to the 1970s and 
early 1980s, when the Solar System, with 
nine planets, was all we knew. (Pluto, at the 
time, was still considered to be a planet.)

However, with Hubble’s early observa-
tions of the Orion Nebula, before even the 
repair mission gave a huge boost to the 
telescope’s image quality, came a complete 
surprise. Among the young stars that had 
formed in this huge, bright stellar nursery 
were some very odd features. Dark rings 
and disks appeared to surround many of the 
newly formed stars. The astronomers who 
conducted the observations quickly realized 
that they had observed something nobody 
had ever seen before: Protoplanetary disks 

of dust and rock – other solar systems 
caught in the act of formation!

In the few years following Hubble’s launch, 
the first fully formed planets outside our 
Solar System were discovered using a range 
of telescopes. Discovering a new planet 
was headline news in the 1990s. Today 
these discoveries are rarely even noticed, 
with new finds discovered every few days. 
That’s not to say, however, that exoplanetary 
science has lost its way. Astronomers have 
moved on from simply detecting exoplanets 
to studying them in detail, and Hubble has 
been one of the most important tools avail-
able to them.

Hubble made the first ever direct images 
of an exoplanet in visible light in a series of 
observations taken in 2004 and 2006. 

The images of the planet, Fomalhaut b, don’t 
look like much. The scientists’ technique for 

subtracting the glare of the bright star leave 
the picture looking a bit of a mess – but a dot 
of light can clearly be seen edging along its 
orbit between the two sets of observations. 

However, Fomalhaut b is an exception 
among Hubble observations of exoplanets. 
For the vast majority, there are no pictures 
at all, not even a small grainy one. The stars 
and their planets are so close together that 
they cannot be resolved into separate pixels 
in a digital photograph. 

Instead, spectrographs have to tease the 
light apart to study the planets.

This is a particularly powerful method for 
cases where the planet’s orbit takes it across 
the face of its parent star as seen from the 
Earth. This is quite similar to the transits of 
Venus and Mercury that we occasionally see 
when those planets cross the face of our 
own Sun.

Exoplanet Fomalhaut b  

Hubble’s image of the Fomalhaut star system is not 

very attractive. The star itself is at the very center and 

has been masked out. A ring of dust and debris is 

clearly visible. Hidden among this are a few bright 

pixels, which were a sensation when they were 

published in 2008: The first visible-light image of 

a planet outside the Solar System. The image is a 

combination of images from 2004 and 2006, with 

the planet’s motion clearly visible in the enlargement 

below. 



An artist’s impression of Fomalhaut b 

and its dust-fi lled neighborhood

Although this planet, like every other 

exoplanet discovered to date, is very 

different from the Earth, it is only a matter 

of time before an Earth-like planet is found.
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When Venus or Mercury crosses the face of 
the Sun, astronomers see a small black disk 
moving across the solar disk. Of course, 
with distant stars, this is not possible – the 
star and its planet are just a single spot of 
light. As the planet blocks off part of the 
light, however, and the star momentarily 
dims, Hubble’s instruments can pick up a 
wide range of data.

Some of the richest information Hubble has 
gathered about exoplanets is related to their 
atmospheres. While a planet passes across 
the face of its star, it blocks some of the 
starlight and lets most of it past unhindered. 
However, a tiny proportion passes through 
the planet’s atmosphere, imprinting its 
chemical properties on the light as it travels 
to us. 

Using this method, scientists have been 
able to make accurate measurements of the 
proportions of different gases in planetary 
atmospheres. These vary enormously, from 

the spectroscopic techniques for studying 
atmospheres pioneered by Hubble will be 
key to spotting the markers of life, such as 
oxygen and water in the air, and might at 
last answer one of the biggest scientific and 
philosophical questions in history: Are we 
alone in the universe?

steamy atmospheres made largely of water, 
to hydrogen-rich planets like Jupiter, and 
even a planet that has a deep, azure blue 
color.
 
So far, no planet has yet been found that 
is similar to the Earth. It is far easier to find 
large planets and ones that are very close 
to their stars with the available techniques 
– even though theories and computer simu-
lations predict that small, rocky planets are 
likely to be the most common. A few have 
been found that are likely to be within their 
stars’ habitable zones, the narrow range of 
orbits in which a planet is neither too cold 
nor too hot to sustain life as we know it. This 
is exciting, but no announcement of life 
outside our home planet just yet.

It’s ultimately a numbers game. With 200 
billion stars in our galaxy to choose from, 
and planets discovered around them every 
day, it will surely not be long before the 
first Earth-like planet is found. When it is, 

Hubble spots azure blue planet  

This illustration shows an exoplanet with the rather 

unexciting name of HD 189733b – one of the best-

studied planets outside the Solar System. HD 189733b 

is a huge gas giant that orbits very close to its 

host star, HD 189733. The planet’s atmosphere is 

scorching, with a temperature of more than 1,000 

degrees Celsius, and it rains glass, sideways, in 

howling 7,000-kilometer-per-hour winds. At a distance 

of 63 light-years from us, this turbulent alien world is 

one of the nearest exoplanets to Earth that can be 

seen crossing the face of its star. By observing this 

planet before, during and after it disappeared behind 

its host star during orbit, astronomers were able to 

deduce that HD 189733b is a deep, azure blue – 

reminiscent of Earth’s color as seen from space.



Orion Nebula with proplyd highlights

The Orion Nebula is a nearby vast region 

of star formation that is bright enough to 

see with the naked eye. It appears as a 

small, fuzzy, grey patch below the belt of 

Orion, although Hubble’s sharp optics and 

long exposures reveal a riot of color and 

detail. 

Hubble’s observations have uncovered 

numerous “proplyds” or protoplanetary 

disks – disks of dark debris surrounding 

newly formed stars. They are thought to 

be planetary systems in the process of 

forming.

In this image, six of these modest 

smudges are highlighted.



HD 189733b passing in front of its star (artist’s impression)

Planet HD 189733b is a blue planet, but it is not much like 

Earth in any other way. It is a gas giant planet similar to Jupiter, 

but it lies far closer to its parent star than any planet in the 

Solar System does to the Sun.

Hubble spectroscopic observations of its atmosphere in 

2011 accidentally caught the planet in the midst of a huge 

cataclysm – a large fl are – which is a more extreme version of 

the space weather events we see in the Solar System.

A few hours after a fl are was spotted on the star’s surface, 

HD 189733b began to move across the face of the star. 

Imprinted in the starlight was the unmistakable signature of the 

planet’s atmosphere furiously evaporating away. By chance, 

Hubble had made the fi rst ever observation of a change 

occurring in an exoplanet’s atmosphere!

This artist’s impression shows how the event would have 

looked to an observer in a nearby spaceship. The planet’s 

evaporating atmosphere can be seen silhouetted against the 

starlight as a dark cloud. 
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Unlike many of the objects that Hubble has 
imaged over the years, which are too small 
or too faint to see with the unaided human 
eye, a few stars can be seen on a clear 
night, even in light-polluted cities. However, 
do we really know what they are? Stars are 
not merely points of light, but are huge balls 
of glowing gas, nuclear furnaces that are 

sTars & 
nEbUlaE

creating heavy elements out of hydrogen 
and pumping out radiation across large 
parts of the central portion of the electro-
magnetic spectrum.

Modern astronomy has helped to reveal the 
lives and lifecycle of stars, from their birth 
in glowing star-forming nebulae to their 

deaths as supernovae or planetary nebu-
lae. Hubble’s images reveal the apparently 
featureless dots of light in the night sky to 
be complex and fascinating objects that 
interact dynamically with their surroundings.

Star-forming region NGC 3603  

The star cluster NGC 3603 is one of the most 

impressive in our galaxy, the Milky Way. The cluster’s 

stars are thought to have formed within the past 

few million years, which makes them very young by 

cosmic standards. The red gas is a remnant of the 

cloud of hydrogen from which they formed. The hot 

blue stars at the core are responsible for carving out 

the huge cavity in the gas that is seen to the right of 

the star cluster.

Stars are ubiquitous in the universe. The light in the night sky all comes from stars in some 

form. The Milky Way, our home galaxy, is composed of innumerable stars. Scientists estimate 

it has approximately 200 billion stars, but nobody has ever really counted the exact number, 

and we will never know for sure – not least because the number is constantly changing.
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What are 
stars?
The Sun is an unexceptional star, just above 
average in size, located in a galaxy that it 
shares with many billions of other stars. With 
a current age of 5 billion years it is about 
halfway through its expected lifespan.

But how can we know this? 

The Hubble Space Telescope is famous for 
being a time machine that can look back 
into the distant past of the cosmos, peer-
ing at objects billions of light-years away. 
Astronomy can travel through time in a 
different way as well.

Stars are quite predictable and surprisingly 
simple objects. A star is a glowing ball of 
gas, primarily hydrogen, which produces 
heat and light when the pressure at its core 
fuses together the atomic nuclei of hydro-
gen, producing helium. This is the same 
process that gives thermonuclear weapons 
their awe-inspiring power. Whereas nuclear 
bombs consume fuel in a fraction of a 
second, stars are large enough to sustain 
nuclear fusion for millions or even billions 
of years.

As all stars have the same basic structure 
and a similar composition, lessons drawn 
from one star can be easily applied to 
others.

Humankind was not around to watch the 
Sun form and in all likelihood no one will be 
there when the Sun absorbs Earth 5 to 10 
billion years from now. 

But by observing countless stars of similar 
size to the Sun, astronomers have some idea 
of how things will end. They will end badly 
for Earth, with our planet being engulfed by 
the Sun as it turns into a bloated red giant, 
possibly affording future alien astronomers 

Little-known nebula IRAS 05437+2502 

The intricate forms in IRAS 05437+2502 are a 

testament to how stars and nebulae interact, although 

the exact nature of this interplay is unclear. The 

interaction of a high-velocity young star and the cloud 

of gas and dust may have created this unusually 

sharp-edged bright arc. Such a star would have been 

ejected from the distant young cluster where it was 

born and would have traveled at 200,000 kilometers 

per hour, or faster, through the nebula.

a moment of pleasure at least. The dying 
throes of Sun-like stars produce some of 
the most amazingly intricate and beautiful 
structures Hubble has ever observed.

Perhaps we are getting ahead of ourselves 
here. It is not just the deaths of stars that are 
interesting, dramatic as they can be. Their 
lives, too, are full of drama.



Full of stars

There are innumerable stars in the 

universe. Here is a fi eld in the Andromeda 

Galaxy. Hubble, thanks to its high 

resolution, is able to see millions of 

individual stars, even in neighboring 

galaxies, where lesser telescopes would 

just see nebulous clouds. This image 

shows stars ranging from red (cool) to blue 

(very hot) and patches of dust that appear 

darker. Incidentally, the Cepheid variable 

star, V1, the fi rst Cepheid ever found 

beyond our galaxy, is seen in this image as 

an average-looking star (lower left).
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back to the 
beginning
The universe, as it existed in the aftermath of 
the Big Bang, was chemically quite different 
from the one we see today. Only hydrogen, 
a little helium, and a trace of lithium existed; 
these three elements alone were the raw 
materials for the first stars. These early mas-
sive stars fused hydrogen nuclei together to 
form more helium. Once the hydrogen ran 
out, the stars began to fuse helium nuclei 
together to form all the elements of the Peri-
odic Table, as far as iron. Each subsequent 
round of fusion produced less energy until, 
eventually, the energy produced at the heart 
of an early star was no longer enough to 
balance its gravity; the star collapsed in 
on itself before exploding as a supernova. 
This mammoth explosion both sprayed out 
the elements created in the nuclear furnace 
and created new, even heavier, ones in the 
resulting inferno.

These heavy elements created by super- 
novae comprise only a tiny proportion of the 
matter in the cosmos, with the hydrogen and 
helium of the Big Bang still making up the 
lion’s share of the chemical composition 
of the universe. Although the heavier ele-
ments are quite scarce, they have played 
an important role in every subsequent round 
of star formation as well as a significant role 
in shaping the universe we see today. 
 
The stars that made up this first generation 
were all very large and burned themselves 
out within a few million years, but their ashes 
have affected the formation of later stars in 
quite fundamental ways. In particular, the 
traces of heavier elements left by earlier 
generations allow much smaller stars to 
form. As smaller stars live longer, these stars 
have time to form planetary systems, and 
at least one of these has had time to give 
birth to life.

Because these first stars were all so big and 
short-lived, astronomers have never been 

Top left: The Sun as a red giant 

In some 5 to 10 billion years, the Sun will swell to 

become a red giant (right) 250 times its current size 

(the little yellow dot, lower left). At this point the Sun 

will absorb the innermost planets, including Earth.

Top right: The ashes of the first stars  

An artist’s impression of a quasar, a bright and 

energetic phenomenon powered by a black hole, as 

it existed in the early universe. Hubble observations 

of light from three quasars, emitted less than a billion 

years after the Big Bang, have shown the chemical 

signature of iron. This iron was formed in the very first 

generation of stars.

able to observe any of the first generation 
stars and we know very little about them. 
Future telescopes, such as the James 
Webb Space Telescope, may capture a 
faint glimpse of their light as they peer 
across space to the most distant corners of 
the universe. But the next stage in cosmic 
history is visible all around us.



Star-forming region Sh 2-106 

Sh 2-106, a compact star-forming region, 

imaged by Hubble and Japan’s Subaru 

telescope. A newly formed star called 

S 106 IR is shrouded in dust at the center, 

but its turbulent outfl ows are carving the 

surrounding gas into an hourglass shape, 

and its powerful radiation is making the 

nebula light up.



Jet in Herbig–Haro 110

Young stars are just as ill-tempered as 

tired toddlers! Herbig–Haro objects are a 

type of jet that sprays from newborn stars. 

Unlike most astronomical phenomena, 

which evolve so slowly that they appear 

motionless, images taken a few years 

apart show noticeable changes in these 

objects.
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baby stars
Stars form in clouds of gas, made mainly of 
hydrogen, but with traces of other elements 
created in earlier generations of stars. As 
the clouds gradually coalesce under the 
influence of their own gravity, they eventually 
collapse into balls of gas. If the ball is large 
enough, the pressure triggers nuclear fusion 
in the center and a star is born. If it is not, the 
warm ball of gas becomes a brown dwarf, 
a failed star.

In the early years of a star’s life, it interacts 
in numerous ways with the surrounding gas 
cloud. Stellar winds erode the cloud, carving 
out cavities. Geyser-like jets of gas spray 
from the surface of the star, forming ripples 
and bow waves in the surrounding matter. 
Dramatically, powerful radiation from the star 
excites the gas cloud, lighting it up like a 
fluorescent sign.

Different elements glow in different colors 
when they are excited. Neon signs glow 
red, while sodium street lights glow orange. 
Star-forming regions are largely made of 
hydrogen, which glows a distinctive shade of 
pinkish red, with a little oxygen, which glows 
green. Traces of other elements complete 
the cosmic waterscape. (Although oxygen 

is only present in small quantities, a quirk of 
human eyesight means that we are better 
at seeing green in low light conditions, so 
nebulae often look green rather than pink 
through amateur telescopes.)

These star-forming nebulae have been 
known for centuries, with nearby and rela-
tively bright examples such as the Orion and 
Carina Nebulae being household names. 
However, Hubble’s high-resolution imaging 
showed that some things were still hidden 
from us.

The black disks that revealed nascent solar 
systems around a newly formed star were 
one such secret.

Another is the nature of the jets that young 
stars fire out from their poles. Called Her-
big–Haro objects, after two scientists who 
studied their nature in the 1950s, these 
young stars have been revealed to be 
much more complex than originally thought. 
Hubble’s images offer very high resolution, 
which shows structures in the jets that hint at 
how they are launched in bursts and clumps, 
rather than as smooth jets. This suggests 
that the jets are being fed by new matter 

periodically falling onto the surface of the 
star. Hubble’s images also reveal the inter-
action between the jet and the surrounding 
material, with fast- and slow-moving material 
piling up like waves of traffic on a highway. 

More excitingly, the fact that Hubble has 
been able to observe Herbig–Haro objects 
over two decades means that scientists 
have been able to watch them move.

Most phenomena in astronomy evolve over 
timescales that are far too long to observe 
over a human lifetime. Galaxies revolve, 
but take hundreds of millions of years to 
complete a revolution. The stars in the sky 
are all moving, but at rates that are virtually 
undetectable. Star clusters spin, but again, 
so slowly that it takes detailed long-term 
measurements to see any change.

Herbig–Haro objects are different. They 
are both smaller and closer to Earth than 
galaxies, so any motion is easier to detect. 
Moreover, these jets move extremely fast. 
This combination has allowed scientists to 
make movies of the jets spraying out of their 
parent stars.

Close-up views of stellar jet Herbig–Haro 34 

These time-lapse images show how a bright, clumpy 

jet, ejected from a young star, has changed over time. 

The jet, called Herbig–Haro 34, is a signpost of star 

birth. Several bright regions in the clumps signify 

material moving at 700,000 kilometers per hour, 

slamming into other patches of material, heating up, 

and glowing.



Stellar nursery in the Small Magellanic 

Cloud

Star-forming region LHA 115-N90 has a 

scattering of newborn bright blue stars at 

its center. Powerful radiation from these 

stars lights up the gas, and blows it away. 

There is very little gas now left in the 

center of the region.



63

Stellar nurseries like the Orion Nebula do not 
last forever. The energy unleashed by the 
new stars eventually blows the gas away. 
Very large stars, which have short lives and 
end as supernovae, blow cavities in the 
gas, triggering the birth of new stars nearby. 
Much of the gas eventually collapses to form 
stars, and some is blown away, so that, 
eventually, a loose open cluster of stars with 
very little gas is all that remains.

By this time, the very largest stars in the 
region will already have died, as they 
have lifespans of only a few million years. 
These giant stars live short but furious 
lives, burning their way through their fuel 
supply in a few million years, while their 
smaller neighbors are still in their infancy. 
They shine brightly, not just in visible light 
but with more powerful ultraviolet light that 
powers the bright nebulae they live in. Their 
surface temperatures are much higher than 

Supernova! 

The Hubble Space Telescope imaged supernova 

1994D (lower left) in galaxy NGC 4526.

Supernova 1987A 

Supernova 1987A, pictured here by Hubble in 2003, 

has taught scientists much of what they know about 

supernovae. The rings around the explosion were 

coughed out before the star’s final explosion. In the 

years since 1987, the shockwave from the blast has 

traveled out and hit the innermost ring, causing it to 

light up. The two bright white objects that overlap the 

ring are unrelated stars in the foreground.

the Sun’s 5,500 ºC, which means they glow 
light blue, rather than the reds, oranges 
and pale yellows exhibited by most of the 
galaxy’s stars.

After burning through their fuel supply in 
a cosmic blink of an eye, these giant stars 
soon explode as supernovae; the inward 
force of gravity rapidly outstrips the radia-
tion pressure supporting the outer layers 
of the star. The star then collapses in on 
itself, releasing vast amounts of energy as 
it does so. These cataclysmic explosions 
briefly outshine the rest of the galaxy. They 
are comparatively rare, as these giant stars 
make up only a tiny fraction of the universe’s 
stars. A typical galaxy might only expect 
to see one of these explosions every few 
decades.

The closest and most studied supernova 
since the invention of the telescope in the 

sixteenth century occurred in 1987, in the 
Large Magellanic Cloud. Cataloged as 
Supernova 1987A, it has taught astronomers 
much of what they know about these violent 
events.

Although the star’s initial explosion predated 
Hubble’s launch, Hubble has played a major 
role in studying the effects evolving in the 
supernova over the following two decades, 
as the cloud of debris thrown out by the 
exploding star has expanded. 

live fast and 
die young
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The last years in the life of a star can be 
turbulent, even before the star explodes. 
The progenitor star of Supernova 1987A 
had already puffed out a great deal of gas 
before its final eruption. Over the years since 
its launch, Hubble has regularly returned to 
observe Supernova 1987A and has seen 
the supernova explosion hit the older gas, 
lighting it up like a ring of gemstones.

Another giant star in its dying throes that 
Hubble has watched is Eta Carinae, a star 
about 100 times heavier than the Sun in the 
Carina Nebula star-forming region.

At the beginning of the nineteenth century, 
Eta Carinae was faint and unremarkable in 
the sky; as the years went by, it became 
progressively brighter. By 1843, it was the 

Eta Carinae – about to go boom 

Vast lobes of gas surrounding the unstable star Eta 

Carinae. The gas was ejected during a stellar near-

death event in the nineteenth century, which saw the 

star come close to exploding as a supernova.

brightest star in the sky, appearing almost 
as bright as Sirius despite being almost a 
thousand times further away. The star has 
continued to vary in brightness, although 
it has never come close to the peak that it 
reached in 1843.

The sudden change in Eta Carinae puzzled 
the astronomers of the nineteenth century, 
but the star was too distant to enable them 
to see what was going on clearly. We now 
know that they were looking at a stellar 
near-death experience, with the star almost 
 blowing up as a supernova, but some-
how stabilizing before it tore itself apart 
completely.

A century and a half after the abortive explo-
sion, Hubble turned its mirror to the star 

and surveyed the wreckage. Vast lobes of 
gas thrown out in 1843 had been gradually 
expanding over the subsequent years, creat-
ing a bright dumbbell shape.

Eta Carinae might have survived in 1843, 
but it cannot beat the odds forever. The  
star is still unstable and could blow at any 
time. When it does, the fireworks will be 
incredible viewed from Earth – the brightest 
supernova ever observed came from a star 
of this type. 



Supernova remnant 

Supernovae do not disappear overnight. 

This bubble of gas is called SNR  B0519-

69.0, or SNR 0519 for short. The thin, 

blood-red shells are actually the remnants 

from when an unstable progenitor star 

exploded violently as a supernova around 

600 years ago.





Carina Nebula panorama

The majestic Carina Nebula. The nebula 

is home to many newborn stars, and at 

least one that is on the brink of death. 

Eta Carinae, a candidate for a supernova 

in the near future, can be seen on the left-

hand side of the image as an intensely 

bright star.
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While the biggest stars trigger the most 
violent events and have a disproportionate 
role in the evolution of the universe, they are 
very different from the vast majority of stars 
in the universe.

Red dwarfs are stars that are significantly 
smaller and cooler than the Sun, let alone 
Eta Carinae. They make up the majority of 
stars in the universe; for most intents and 
purposes, they are immortal. The rate at 
which they burn their nuclear fuel is so low 
that, despite their smaller reservoirs of gas, 
they have a life expectancy that is longer 
than the current age of the universe. 

Red dwarfs are surprisingly faint. Proxima 
Centauri, the nearest star to Earth, and 
just over 4 light-years away, is a red dwarf. 
Despite its proximity, it is too faint to see with 
the naked eye, even on the darkest of nights. 
It weighs in at about an eighth of the mass of 
the Sun, but is even dimmer than its diminu-
tive form might suggest: Proxima Centauri 
radiates less than 1% of the Sun’s output.

Dim and unchanging, red dwarfs might 
sound a bit boring, but many astronomers 
would disagree. These stars could harbor 
planets with the conditions necessary for 
life. 

immortal stars
Even if they do turn out to nurture life, these 
planets would still be quite alien places to us. 
Red dwarfs are faint and cool, so the habit-
able zone around them – the region where a 
planet could sustain life without being frozen 
or scorched – is much closer to the star’s 
surface than Earth is to the Sun. One likely 
outcome is that the planet would not have a 
cycle of day following night. Thanks to tidal 
effects between bodies that orbit each other 
tightly, the planet would likely always show 
the same side to its parent star, much like 
the Moon does to Earth. And this in turn 
would mean that one hemisphere would be 
bathed in endless sunlight and the other in 
endless night.

However recent observations of these stars 
have cast some doubt over whether red 
dwarfs are such promising environments 
for life-bearing planets. Hubble observa-
tions of hundreds of thousands of red 
dwarfs have shown that they are prone to 
ejecting powerful flares that might damage 
the atmospheres of any planets surrounding 
them. 

Proxima Centauri, our nearest neighbor 

Proxima Centauri looks like a bright star when viewed 

through Hubble, as you might expect for the closest 

star to the Solar System. But to the naked eye, it is 

totally invisible. Red dwarf stars like Proxima Centauri 

are extremely faint compared to larger stars, but they 

make up the majority of stars in the Milky Way.
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clusters of 
stars
Star clusters are among the most visually 
alluring and astrophysically fascinating 
objects in the sky. Because the stars all 
formed together from the same cloud of gas 
and dust, their ages and chemical makeup 
are similar, and this makes them ideal labo-
ratories for studying the way stars evolve.

Two general types of clusters exist: Open, or 
galactic, star clusters and globular clusters. 
Open clusters typically contain anything 
from a few to thousands of stars that are 
loosely bound together by gravity. It seems 
that most stars, including the Sun, formed 
in open clusters.

Globular clusters are huge balls containing 
tens of thousands of ancient stars in orbit 
around our galaxy and other galaxies. 

Hubble’s sharp vision and sensitivity means 
that it is well suited to studying stars in clus-
ters, both in the Milky Way and in nearby 
galaxies. In globular clusters, where there 
are so many stars that they nearly blend 
together in the images, Hubble can measure 
their light individually and see even the very 
faintest stars in the clusters. 

Zooming in on an open star cluster 

The Kappa Crucis Cluster, also known as NGC 4755 or simply the Jewel Box, is just bright enough to be seen with 

the unaided eye. Its striking color contrasts of pale blue and orange stars resemble a piece of exotic jewelry.

35-mm camera

MPG/ESO 2.2-meter

Hubble

Digitized Sky Survey 2

VLT





The Horsehead

Rising like a giant seahorse from turbulent 

waves of dust and gas is the Horsehead 

Nebula, otherwise known as Barnard 33. 

This image shows the region in infrared 

light, which has longer wavelengths than 

visible light and can pierce through the 

dusty material that usually obscures 

the nebula’s inner regions. The result 

is a rather ethereal and fragile-looking 

structure, made of delicate folds of 

gas – very different from the nebula’s 

appearance in visible light.



NGC 6611 in the Eagle Nebula

This collection of dazzling stars is called 

NGC 6611 and is an open star cluster that 

formed about 5.5 million years ago. It is 

approximately 6,500 light-years from Earth 

and is a very young cluster, containing 

many hot blue stars, with a fi erce 

ultraviolet glow making the surrounding 

Eagle Nebula glow brightly. 
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The future of 
the sun
Stars like the Sun, which are larger than 
the vast majority of stars, but much smaller 
than the very biggest, have a more varied  
lifespan. Once they have formed, they 
remain in uneventful stellar adulthood for 
several billion years, steadily fusing hydro-
gen into helium. Later in their lives, things 
become more interesting.

First, they swell and get a little cooler. When 
this happens to our own star, the Sun, the 

Globular cluster NGC 6388 

This image from the NASA/ESA Hubble Space 

Telescope shows NGC 6388, a globular cluster in the 

Milky Way. The cluster formed in the distant past (like 

all globular clusters) and is over 10 billion years old.

inner planets, Mercury, Venus and Earth, 
will be swallowed as the Sun becomes a 
red giant. The dying star then begins to 
puff away its outer layers, first as shells 
of gas then as a dense cloud that largely 
hides the star from view. This short stage in 
stellar evolution is quite difficult to observe, 
as the cloud does not emit visible light – it 
reflects starlight and glows dimly in the 
infrared. Nevertheless, Hubble has taken 
many images of these objects, known as 
protoplanetary nebulae.

After just a few thousand years, the small, 
hot core of the star, which is all that is left 
after the outer layers were puffed away, 
heats up and excites the gas, making it light 

up like a fluorescent sign – in much the same 
process that makes star-forming nebulae 
glow, albeit on a much smaller scale. At 
this point, the dim protoplanetary nebula 
becomes a planetary nebula, which has an 
intricate, brightly glowing structure. Hubble 
has taken numerous images of these over 
the years, and they are some of the most 
intriguing and beautiful objects in the sky.
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But wait. Planetary nebulae? What do these 
have to do with planets?

Not much at all. The name is actually a 
hangover from the days of early telescopes. 
Planetary nebulae are quite bright, and 
some can easily be observed even with 
rudimentary telescopes. Because they typi-
cally have a greenish tinge, and they appear 
roughly spherical through a small telescope, 
astronomers thought they looked similar to 
the gassy outer planets of the Solar System 
like Uranus and Neptune.

High-resolution imagery with more sophisti-
cated telescopes, including Hubble, shows 

that they are not always all that green, 
and the shape is often far from spherical; 
but despite this, the confusing name has 
somehow stuck.

Over a period of thousands of years, the 
planetary nebula gradually fades and 
disperses into space, leaving behind a 
tiny, dense, dead remnant of the old star, 
called a white dwarf. No additional nuclear 
reactions go on in white dwarfs, although 
they cool down very slowly and can remain 
extremely hot for many billions of years. This 
is the ultimate destiny of the Sun, more than 
5 billion years from now.

An unique nebula 

The extraordinary spiral shape to the left of the bright 

star in this image surrounds a star similar to the Sun, 

but one which is further through its lifecycle than 

the Sun and is beginning to run out of fuel. As stars 

shed their outer layers, they form a variety of intricate 

shapes – in this case, a smaller companion star 

probably churned the gas and dust into a spiral. The 

dying star is currently shrouded in dust, as the star is 

only at the beginning of its death throes, but over time 

the expanding cloud will begin to glow.



Planetary nebulae

Planetary nebulae come in a wide range of 

shapes, sizes and colors.
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Larger stars also leave behind dense 
remnants. Although they explode as 
supernovae, rather than ending their lives 
as planetary nebulae, the explosions are 
not powerful enough to disperse all the 
star’s matter into space. The remnants from 
supernovae fall into two categories: Neutron 
stars and black holes.

Black holes are left behind when the very 
largest stars explode. These fascinat-
ing, exotic objects are so dense that their 
gravity even overcomes light, and they are 
essentially a hole in space and time from 
which nothing can escape. Black holes are 
covered in more detail in Chapter 7.

 
 

Slightly less dense than black holes, and 
emerging from the explosions of slightly 
smaller stars, are neutron stars. These 
come in various types, including magne-
tars (neutron stars with incredibly strong 
magnetic fields) and pulsars (neutron stars 
that rotate incredibly fast, flashing like a 
celestial lighthouse). The Crab Nebula, 
a cloud of gas thrown out by a star going 
supernova in 1054, has a pulsar at its core, 
which rotates over 30 times every second. 
Although the Crab Nebula has been known 
since the eighteenth century (it is bright 
and large enough to see with rudimentary 
telescopes, if not the naked eye), the tiny 
pulsar had to wait another 200 years before 
being discovered. 

Red giant blows a bubble 

Red giants also shed part of their outer layers of gas. 

U Camelopardalis is a red giant nearing the end of 

its life. As it begins to run low on fuel, it is becoming 

unstable. Every few thousand years, it coughs out 

a nearly spherical shell of gas as a layer of helium 

around its core begins to fuse. The gas ejected by the 

star’s latest eruption is clearly visible in this picture, as 

a faint bubble of gas surrounding the star.

Looking at Hubble’s high-resolution image 
of the Crab Nebula, it is easy to see why. 
Although the nebula is bright and intricate, 
the neutron star, all that is left of the star 
whose explosion created the nebula, is 
barely visible as a tiny dot of light in the 
middle.



The Crab Nebula

The Crab Nebula is a vast fi eld of debris 

thrown out in a supernova that was 

observed by Chinese astronomers in 1054. 

At its center is a neutron star, the dense, 

dead, collapsed core of the star that died 

in the blast.



Young stars sculpt gas with powerful 

outfl ows

A torrent of radiation from the hot stars in 

the cluster NGC 346, at the center of this 

Hubble image, eats into the denser areas 

around it, creating a fantastical sculpture 

of dust and gas.



“Mystic Mountain” in the Carina Nebula

This turbulent cosmic pinnacle lies within a 

tempestuous stellar nursery in the Carina 

Nebula.



RS Puppis and its light echo

RS Puppis is a type of variable star 

known as a Cepheid variable. The stellar 

pulsations have created a stunning 

example of a phenomenon known 

as a light echo, where light appears 

to reverberate through the murky 

environment around the star.



V838 Monocerotis

This image shows an expanding halo 

of light around V838 Monocerotis. The 

illumination of interstellar dust comes from 

the red supergiant star at the middle of 

the image, which gave off a fl ashbulb-like 

pulse of light in 2002.





Mammoth stars in the Carina Nebula

The image shows a pair of colossal stars, 

WR 25 and Tr16-244, located within the 

open cluster Trumpler 16 in the Carina 

Nebula.
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Messier 106, a galaxy with a secret

This galaxy has a startling feature: Instead 

of two spiral arms, it appears to have four. 

Unlike the normal arms, the two extra arms 

are composed of hot gas rather than stars. 

This is likely to have been caused by the 

black hole at Messier 106’s heart.
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The Milky Way is our home galaxy, and 
because no telescope is necessary in order 
to see its beauty, people have known about 
it since antiquity. However, it is only far more 
recently – in the last century – that its true 
nature and its relationship with the rest of the 
universe have been fully appreciated.

As astronomy moved from using the 
naked eye to using increasingly powerful 
telescopes, the foggy streak across the sky 
gradually resolved itself into thousands, then 
millions, then tens of millions of stars. These 
stars are too faint to tell apart from others 

galaxiEs

with the naked eye, hence the Milky Way 
looks almost like a fuzzy, solid object.

The Milky Way Galaxy is a flat disk with a 
spiral pattern of denser regions within it 
and a diffuse halo of stars forming a sphere 
around it. The Solar System lies within 
this disk, off-center, so we see the Milky 
Way from the inside. This fact prevented 
astronomers from seeing the whole picture 
concerning our galaxy’s shape and size, not 
to mention our place in it, until the second 
half of the twentieth century.

For many years, Earth’s awkward insider 
view of the Milky Way meant that we knew 
more about the appearance and properties 
of other galaxies than we did about our own.

Our galaxy, the Milky Way, from the inside 

This giant mosaic picture was taken from the site of 

Paranal Observatory in Chile, a location with extremely 

clear and dark skies. Our galaxy is the most studied of 

all the galaxies in the sky.

Stand outside on a dark night, away from any light pollution, and the sky does not only fill with 

stars. Arching overhead from horizon to horizon is a broad but faint band of light. Although 

visible from everywhere on Earth, this band is at its brightest and most dramatic in the southern 

hemisphere.
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One of the key figures in understanding 
other galaxies was the man who would 
later give his name to the Hubble Space 
Telescope, the early twentieth-century 
astronomer Edwin Powell Hubble. Hubble 
found convincing evidence that the spiral-
shaped structures that astronomers saw 
through their telescopes were not – as 
previously thought – oddly shaped nebulae 
within the Milky Way, but distant collections 
of millions or billions of stars, much like our 
own Milky Way – galaxies in their own right.

Although astronomers have known of the 
existence of galaxies other than the Milky 
Way since the days of Edwin Hubble, much 
of what we know about them now comes 
from the Hubble Space Telescope. The 
Hubble Space Telescope has allowed 
astronomers to see nearby galaxies in 
exquisite detail and has spotted galaxies 
more distant than any other telescope can 
see. In the process, it has made a significant 
contribution to humankind’s knowledge of 
the universe and its evolution.

Earth’s place in the cosmos is not a special 
one. We are not at the center of the universe, 
as we once believed. Nor are we typical. The 
Sun is bigger and brighter than most stars, 
and the Milky Way is bigger and shows more 
structure than most galaxies (the neat and 
elegant spirals of stars and gas that adorn 
millions of computer desktops are actually 
exceptional). 

Galaxies come in countless shapes, sizes 
and distances; we see some that are as 
close as a few hundred thousand light-
years away and others so far away that they 
lie more than 95% of the way across the 
universe. 

Although Hubble has snapped only some 
tens of thousands of the hundreds of billions 
of galaxies estimated to fill the observable 
universe, the family portrait that it has built 
covers all types of galaxies at all distances, 
from the nearest to the very farthest ever 
observed.

In the beginning, there were no galaxies at 
all. The Big Bang created a smooth, almost 
perfectly uniform gas-filled universe. But 
not quite perfect. Even then, there were tiny 
fluctuations in density, which over time led 
the matter to collapse into clouds and, within 
these clouds, into stars.

These first galaxies, which formed in the 
few hundred million years following the Big 
Bang, were not the majestic spirals we see 

The Milky Way from above 

The Milky Way as it would appear from outside our galaxy. This Hubble image shows the structure of UGC 12158, 

which is very similar to that of the Milky Way Galaxy. If this were the Milky Way, the Sun would be located at the 

marker. 

in today’s universe; they were small, ragged 
and irregular blobs. In Hubble’s longest 
exposure images, they can be seen lurking 
in the background as tiny flecks, whose light 
has taken around 13 billion years to reach 
us. In the billions of years that followed the 
Big Bang, many of these galaxies gradually 
came together to form ever larger ones, cre-
ating the giant spirals and elliptical galaxies 
of today – including our own.

The origin of galaxies
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The Hubble Ultra Deep Field 

The Hubble Ultra Deep Field is a two-week-long 

exposure taken of an apparently empty patch of sky  

in the constellation of Fornax. The long exposure 

reveals extremely faint and distant objects, making 

this the deepest image ever taken in visible light. 

Virtually every object visible here is a galaxy, and the 

tiny, faint dots in the background of the image are 

among the most distant ever observed by science. 

Their light has taken so long to reach us that we see 

them as they were in the universe’s infancy, shortly 

after the Big Bang.

Although Hubble can look back in time and see 

the building-block galaxies as they were in the 

universe’s infancy, it cannot see them very well. 

The enormous distances over which their light 

has traveled – the very reason that we can see 

them as they were back in time – also mean that 

they appear tiny and incredibly faint; even today’s 

best telescopes struggle to grab anything more 

than a pixel or two of light. 

But we do not need a more powerful telescope to 

see what they must have looked like. To this day, 

such building-block galaxies, or rather their mod-

ern equivalents, known as dwarf galaxies, remain 

common; while they are smaller and fainter than 

spiral galaxies, they are currently the most com-

mon type of galaxy in the universe, giving us a 

rough idea of what the early universe looked like.



Dwarf galaxy NGC 4449

Hundreds of thousands of vibrant blue 

and red stars are visible in this image 

of the dwarf galaxy NGC 4449. Hot and 

bluish-white clusters of massive stars 

are scattered throughout the galaxy, 

interspersed with numerous dustier 

reddish regions of current star formation. 

Massive dark clouds of gas and dust are 

silhouetted against the fl aming starlight.
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Only a handful of galaxies can be seen from 
Earth with the naked eye, even on the dark-
est of nights. The Andromeda Galaxy, a vast 
spiral over 2 million light-years away, is prob-
ably the most famous and is visible in the 
sky above much of the world’s population 
in the northern hemisphere – even if urban 
light pollution means that it typically cannot 
be seen anywhere except in remote areas 
of countryside.

Dwarf galaxies: The first to form and  
still the most common

The Andromeda Galaxy might be the most 
famous, but it is not the closest. In the 
southern hemisphere, tucked away from the 
view of most of the world’s major population 
centers, are two dwarf galaxies that lie less 
than 200,000 light-years away. The Small 
Magellanic Cloud and the Large Magellanic 
Cloud are named after the Portuguese 
explorer Ferdinand Magellan, whose crew 
saw them during their round-the-world 
expedition of 1519–1522. 

Looking closely at a galaxy 

The Tarantula Nebula, a small segment of which 

is seen here by Hubble, is located in the Large 

Magellanic Cloud (LMC). Despite being a separate 

galaxy from the Milky Way, Hubble’s exceptionally 

high resolution means that the LMC can be studied in 

almost as much detail as the Milky Way.



A classic dwarf

NGC 3738: A classic dwarf galaxy, 

snapped by Hubble. The pink patches 

scattered throughout the galaxy are star-

forming regions in which hydrogen gas is 

being excited by the ultraviolet radiation of 

young stars.
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Although not completely identical to the 
first galaxies that appeared after the Big 
Bang, thanks to a slightly different chemi-
cal composition, NGC 3738 (see page 91) 
and others like it are thought to be similar 
enough to give hints as to the formation and 
properties of the first galaxies.

A dwarf galaxy recently observed by Hub-
ble might be an even better match for the 
conditions shortly after the Big Bang. DDO 
68, a similar irregular cloud of gas with red 
nebulae, is a bit of an enigma. Studies of it 
are ongoing, but there is some evidence that 
it might be unique – a newly formed galaxy 
in our cosmic neighborhood.

Even if they are similar to the first galaxies, 
irregular dwarfs such as NGC 3738 are not 
a perfect match because they are billions of 
years old, and the stars in them have aged 
over that time. DDO 68 seems different, with 
a chemical signature suggesting it might be 
only a billion years old, formed by the colli-
sion of two clouds of pristine gas that had 
remained unchanged since the Big Bang.

If this intriguing theory is true – and it is by no 
means confirmed yet – then DDO 68 would 
be a truly fascinating fossil of the early years 
of the universe. It would give a unique insight 
into what the tiny specks of light we see in 
the background of Hubble’s deepest images 
represent.

Old or new? 

DDO 68 is a dwarf galaxy that was spotted by Hubble. 

Although studies are ongoing and nothing is yet 

certain, some scientists believe that this galaxy may 

have formed from a pristine cloud of gas just a billion 

years ago. If confirmed, this would make this dwarf 

galaxy a unique insight into what the universe was like 

in its early history.

Aside from a few dwarf galaxies that are in 
the process of being absorbed by the Milky 
Way and are now virtually indistinguishable 
from it, the Magellanic Clouds are the near-
est galaxies to Earth.

Because they are so close, and appear so 
large in the sky – far bigger than the full 
Moon, although much fainter – Hubble is 
unable to take a complete picture of the 
Magellanic Clouds. Hubble does not zoom 
in and out like a camera; to maintain the 
best image quality it has fixed optics and 
cameras with unchangeable fields of view. 
Typical Hubble images are only about a 
tenth of the width of the full Moon in size, 
so they can only photograph a tiny sliver of 
the Magellanic Clouds at any one time. Hub-
ble’s images peer right into these galaxies 
as a result – and while these pictures are 
remarkable, showing the properties of these 
galaxies in almost as much detail as we see 
the Milky Way, they don’t give any kind of 
overview.

If we want an overview of what a dwarf 
galaxy looks like with the naked eye, the 
Magellanic Clouds are great. 

If we want to see what one looks like with 
Hubble, we need to look farther away. Hub-
ble is, paradoxically, too powerful to give an 
overview; it behaves more like a microscope 
than a camera for this type of object.

Looking farther afield in our cosmic neigh-
borhood, a few million light-years away 
rather than a few hundred thousand, Hubble 
finds far richer pickings. 

They might be smaller and fainter than their 
spiral brethren, but dwarf galaxies can be 
just as dramatic in their intricate structures. 
Dwarf galaxies come in different shapes, 
ranging from roughly spherical or elliptical 
through rod and bar shapes to totally irregu-
lar. A feature that many, but not all, of these 
share is dramatic evidence of star formation.

NGC 3738, located about 12 million light-
years away, is a great example of Hubble’s 
observations of dwarf galaxies. Far enough 
away to fit comfortably within Hubble’s field 
of view, but not so far away that it looks 
small and insignificant, the chaotic cloud of 
stars shows no obvious regular structure. It 
is approximately a tenth of the diameter of 
the Milky Way, but it is peppered with red 
nebulae.

These red nebulae are a telltale sign of 
ongoing star formation. Clouds of hydro-
gen gas are busy collapsing to form new 
stars, and these stars in turn irradiate the 
gas, making it glow. The physical process 
is much the same as that which makes 
fluorescent signs work.

These regions of glowing red gas exist in our 
neighborhood as well. The Orion and Carina 
Nebulae are star-forming regions like these, 
and they have the same distinctive color. 



Top left

 Messier 101, the Pinwheel Galaxy, is a 

grand-design spiral; one with a small 

number of very clear and well-defi ned 

spiral arms.

Top right

 Messier 74 is also a grand-design spiral. 

Hubble’s image provides a close-up of 

the central region.

Bottom left

 Messier 66, the largest “player” of the 

Leo Triplet, and a galaxy with slightly 

symmetrical spiral arms and a slightly 

displaced core. The peculiar anatomy is 

most likely caused by the gravitational 

pull of the other two members of the trio.

Bottom right

 NGC 2841, a “fl occulent” spiral with no 

well-defi ned arms, but with a clear spiral 

structure.

Spirals of all shapes and sizes

Hubble’s images of spiral galaxies show 

their diverse range of shapes and sizes.



Top left 

The barred spiral galaxy NGC 1672 

has four principal arms, edged by eye-

catching dust lanes that extend out from 

the center. 

 

 

Top right

NGC 1300 is considered prototypical of 

barred spiral galaxies. 

Bottom left

NGC 634 is a spiral seen almost edge-on. 

The dusty regions closest to us are 

clearly silhouetted against the starlight, 

while the ones farther away are partly 

hidden by a haze of stars within the 

galaxy’s halo. 

 

Bottom right 

NGC 5866 shows how thin spiral galaxies 

are when seen from the side. Detailed 

observations of this galaxy suggest that 

it is a lenticular galaxy. Despite having no 

obvious spiral arms, these are classified 

along with spiral galaxies because they 

have a similar disk-like shape.
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The first few billion years of the universe’s life 
were chaotic. The cosmos was a far smaller 
place than it is now, and it was full of swarms 
of dwarf galaxies, far more than exist today. 
In the universe’s infancy, collisions and 
mergers between galaxies were common, 
and the gradual process of accretion and 
agglomeration that built up today’s giant 
galaxies was well under way.

The oldest spiral galaxy yet seen was discov-
ered using Hubble and the Keck telescopes 
in Hawaii in 2012. Seen a little more than 3 
billion years after the Big Bang, this slightly 
ragged-looking galaxy, cataloged as BX442, 
seems to be a bit of an exception, with most 
galaxies like it forming significantly later in 
cosmic history. However, the template for all 
of them is the same.
 
The rough and irregular dwarf galaxies 
gradually collided to form rotating disks of 
stars, and ripples of pressure in these set 
up the spiral patterns within them.

The patterns don’t all follow the same blue-
print. Some have many arms, and some 
have only two. Some have a large bulge 
in the center, while others are more like flat 
disks. Some have a prominent bar of stars 
across the center, and some have a small 
one; some have none at all, their spiral arms 
winding all the way to the very heart of the 
galaxy.

What they all have in common, is that they 
are much larger than their irregular dwarf 
brethren. 

If collisions between dwarf galaxies created 
today’s majestic spirals, what happens when 
spiral galaxies collide?

It might seem obvious that crashes between 
spiral galaxies are absolutely cataclysmic – 
they are made up of hundreds of billions 
of stars and are hundreds of thousands of  
light-years across. And yet, these collisions 
are actually quite commonplace and surpris-
ingly gentle. 

Even our own galaxy, the Milky Way, is on 
a collision course. In a few billion years, 
roughly when the Sun starts running out of 
fuel, the Andromeda Galaxy will loom large 
in the sky, before gradually merging with 
our home galaxy. This future collision was 
long suspected, but only recently proved 
thanks to Hubble measurements of how the 
Andromeda Galaxy almost imperceptibly 
moves in the sky.

Life on Earth will almost certainly have died 
out by the time the Milky Way crashes into 
Andromeda, but that’s thanks to the Sun’s 
limited lifespan, not to any danger inherent 
in the collision. 

Colliding with the Andromeda Galaxy 

A series of artist’s impressions of how the night 

sky will look from Earth as the Andromeda Galaxy 

approaches and then merges with the Milky Way. 

Although the fact that the Andromeda Galaxy was 

moving in our direction had been known for decades, 

the question of whether it would hit the Milky Way, 

or fly past without colliding, was only answered in 

2012. Hubble observations of the movements of stars 

within Andromeda showed we are on a direct collision 

course.

Galaxies are largely made up of empty 
space, and the chances of any two stars 
colliding during a galaxy pile-up are actu-
ally slim. They’re just too far away from each 
other for there to be any real risk. This might 
be counterintuitive – images of galaxies look 
like they are solid bodies – but if you zoom 
in close enough, which is only possible with 
a world-class telescope like Hubble and a 
nearby galaxy like the Andromeda Galaxy 
– the gaps between the stars become 
obvious. Galaxies aren’t solid, milky, pale 
objects; they are mostly dark, empty space 
with occasional but very bright points of 
light.

There are crashes in galaxy collisions – 
between the gas clouds within them; the 
forces unleashed are not destructive, but 
creative. The shocked gas clouds erupt in 
an orgy of star creation, quickly using up 
virtually all the remaining gas in the galaxy.

galaxies evolve 
and grow





Looking deep into a galaxy

Look at the night sky from Earth, and most 

of what you see is darkness. Stars are just 

occasional points of bright light. The same 

is true of other galaxies. This remarkable 

Hubble image of a section near the edge of 

the Andromeda Galaxy’s disk shows how 

a powerful enough telescope can see the 

night sky in another galaxy, resolving the 

white foggy shapes into individual stars, 

and see through to galaxies far beyond.
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Hubble’s images of galaxies caught in 
the act of colliding are often ablaze with 
bright pink regions of the star birth result-
ing from these collisions. If the alignment is 
just right, the collisions can set off ripples 
of star formation that spread throughout the 
galaxies, forming almost perfect glowing 
rings.

The fireworks are short-lived as the gas 
is used up. The gravitational disruption 
caused by the galaxies falling into each 

other destroys most of the elegant structure 
in the colliding galaxies, leaving behind 
a slightly squashed ball-shaped galaxy, 
known as an elliptical galaxy. As the gas 
has been used up during the collision, 
there is little or no further star formation in 
elliptical galaxies, and they gradually grow 
old, their stars becoming first yellower and 
later, redder. 

Astronomers call these galaxies “red and 
dead,” but that’s not to say that there’s 

A ring of star formation 

If two galaxies pass through each other, and the 

alignment is just right, the shockwave set up creates 

an almost perfect ring of star formation, seen in the 

pink regions in Hubble’s image of NGC 922.

nothing interesting about them. Thanks to 
their origins in cosmic collisions, combin-
ing the stars of two or more spiral galax-
ies, they are often very large and are the 
heavyweights of the universe, with masses 
sometimes in excess of a trillion Suns.



The colliding Antennae Galaxies

This iconic Hubble image shows the 

Antennae Galaxies – a pair of galaxies 

caught in the act of crashing together. The 

pink regions are areas of gas that have 

been shocked in the collision and are 

forming new stars.
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A penguin and its egg 

This image shows two interacting galaxies. The 

alignment of NGC 2936, once a standard spiral 

galaxy, and NGC 2937, a smaller elliptical, bears a 

striking resemblance to a penguin guarding its egg. 

This image is a combination of visible and infrared 

light.

Colliding galaxies Arp 273  

The distorted shape of the larger of the two galaxies 

in Arp 273 shows signs of tidal interactions with the 

smaller of the two. It is thought that the smaller galaxy 

has actually passed through the larger one.

Although they lack gas and new star forma-
tion, and the stunning colored jewels these 
phenomena overlay on Hubble images 
of smaller galaxies, these old-timers are 
not completely devoid of features. Hubble 
images of elliptical galaxies often show 
complex dusty patterns and some of the 
most dramatic examples of jets coming from 
galaxy cores.

But why do galaxies crash into each other so 
often? Surely they are so far apart that this 
should be highly unlikely?

One fascinating area of astronomy, which 
has made huge leaps forward in recent 
years, is cosmology, which deals with the 
largest structures in the universe and their 
origins. And one thing that has gradually 
become clear is that galaxies are not evenly 
spread throughout the cosmos; rather, they 
group together. 

Comparatively near to us, this can be seen 
in the constellation of Virgo, where over a 
thousand galaxies of different sizes cluster 
together. Surveys of the sky show that this 
is the rule, not the exception. Across the 
known universe, galaxies clump together, 
forming along a vast web with the biggest 
clusters where the web’s filaments meet.



A giant elliptical

Located half a billion light-years from 

Earth, ESO 306-17 is a large, bright 

elliptical galaxy of a type known as a 

fossil group. The group may be the most 

extreme example of galaxy cannibalism, 

ravenous systems that don’t stop until 

they’ve devoured all of their neighbors.



Dramatic dust and newborn stars in 

Centaurus A

Centaurus A looks incredible at optical 

wavelengths. This Hubble image of the 

galaxy’s central region shows intricate 

dusty patterns silhouetted against the 

starlight. There are some regions of 

star birth here, seen in pink, which are 

not common among elliptical galaxies. 

Centaurus A may be the result of a recent 

merger whose effects are still playing out.
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The  Cartwheel Galaxy

A smaller galaxy has passed right through a large disk 

galaxy and has produced shock waves that swept up 

gas and dust – much like the ripples produced when a 

stone is dropped into a lake – and sparked regions of 

intense star formation (appearing blue). The outermost 

ring of the  Cartwheel Galaxy, which is 1.5 times 

the size of our  Milky Way, marks the shockwave’s 

leading edge. This object is one of the most dramatic 

examples of the small class of ring galaxies.

The reason for this does not only lie in the 
gravitational pull of the galaxies themselves. 
There is a mysterious scaffolding that gives 
structure and mass to the cosmos itself, and 
the galaxies simply follow it. Like many of the 
most powerful infl uences in the universe, this 
structure is dark, and virtually impossible to 
observe. But as we shall see in Chapter 8, 
it can still be studied indirectly, leading to 
some startling discoveries.

The beginning of a collision

Messier 60 (left) and NGC 4647 (right), an elliptical and a spiral galaxy, respectively, beginning to interact. Seeing 

the two galaxies side by side shows how elliptical galaxies are typically signifi cantly larger than spirals, as they are 

the end result of many galactic mergers over the years.



NGC 7714

This striking view shows the spiral galaxy 

NGC 7714. This galaxy has drifted too 

close to another nearby galaxy; dramatic 

interactions have twisted its spiral arms 

out of shape, dragged streams of material 

out into space, and triggered bright bursts 

of star formation.





The magnifi cent starburst galaxy 

Messier 82

This image of the magnifi cent starburst 

galaxy, Messier 82, is the sharpest wide-

angle view ever obtained of this object. 

It is a galaxy remarkable for its webs of 

shredded clouds and fl ame-like plumes 

of glowing hydrogen blasting out from its 

central regions, where young stars are 

being born ten times faster than inside in 

the Milky Way Galaxy.





The Whirlpool Galaxy (Messier 51) and 

companion galaxy

The graceful, winding arms of the majestic 

spiral galaxy Messier 51 (NGC 5194) 

appear like a grand spiral staircase 

sweeping through space. They are actually 

long lanes of stars and gas laced with 

dust.



7



111

Up close and personal! 

Getting too close to a black hole is not advisable! 

This artist’s impression shows what we might see if 

we were able to see a black hole up close. The black 

hole itself is invisible but its tremendous gravitational 

attraction visibly distorts the light coming from stars 

behind it.

Calculating that an object like a black hole 
could, in theory, exist was quite different 
from proving conclusively that they were 
actually out there.

There were good reasons to think that black 
holes might not exist in nature. Matter does 
not like being compressed, and the harder 
it is crushed the more it resists. More-
over, gravity is not actually all that strong 

compared to the other fundamental forces. 
Despite the entire mass of the planet Earth 
pulling on you, it is still perfectly easy to 
jump and overpower – at least for a moment 
– gravity’s clutch. Compare that with the 
strength of a briefcase-sized magnet that 
can easily lift up many tons of metal. 

So, could enough mass ever be com-
pressed sufficiently that nothing at all could 
overcome its gravitational pull?

There was also a more practical reason that 
scientists were unable to prove whether or 
not black holes existed. Black holes are… 
black (and very small). If even light cannot 
escape, how could we ever hope to see 
one?

Today, scientists have finally managed to 
prove they exist; and thanks to modern 
telescopes – including Hubble – they have 
even been observed, albeit indirectly.

It is now well over a century since scientists suggested that there could be objects with such 

huge masses that nothing – not even light – would be able to escape their gravity. They would 

be quite literally black holes in space. 

black  
HOlEs
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How and 
why do black 
holes exist?
What exactly is a black hole? What do we 
mean when we say that nothing can escape?

Even though gravity is the weakest funda-
mental force in nature, escaping Earth’s 
gravitational field is still quite a challenge. 
Barely 50 years have passed since we 
began launching rockets into space. Escap-
ing our planet’s gravity requires a huge 
quantity of energy, and it turns out that the 
amount of energy needed to escape Earth’s 
gravity is related to three things: The mass 
of Earth, the size of Earth, and the mass of 
the object that is being launched into space. 

From Earth’s surface, the energy released 
by burning approximately 2 liters of gasoline 
is enough to raise a kilogram out of Earth’s 
gravity. Alternatively, because there is 
energy associated with motion, accelerat-
ing an object to a speed of approximately 
40,000 kilometers per hour is also sufficient 
to do the job. This speed is called the 
escape velocity of Earth.

Different celestial bodies have different 
escape velocities. The Moon, with a much 
lower mass and weaker gravity, is much 
easier to escape; its escape velocity is less 
than a quarter of Earth’s. The gas giant 
planet Jupiter is less dense than Earth, 
but its mass is also vastly greater, and its 
escape velocity is bigger as well: Almost 
6 times that of Earth, at a huge 214,200 
kilometers per hour. 

Jupiter’s escape velocity might be big, but 
it is just a tiny fraction of the speed of light, 
which is 300,000 kilometers per second.

A black hole, quite simply, is an object 
whose escape velocity is greater than the 
speed of light. 

A supermassive black hole involves a lot 
more mass than we’re used to seeing in 
our neighborhood. However, contrary to 
what some scientists once thought, it is far 
from impossible. Black holes are common 
throughout the cosmos. They play a huge 
role in shaping galaxies and in powering 
some of the brightest phenomena known to 
astronomers.

A supermassive black hole 

The central parts of our galaxy, the Milky Way, as 

observed in the near-infrared with ESO’s Very Large 

Telescope. By following the motions of the most 

central stars for more than 20 years, astronomers have 

determined the mass of the supermassive black hole 

that lurks there: 4 million solar masses.
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Escaping gravity 

Gravity might be the weakest of the four fundamental 

forces of nature, but it is not easy to escape. Getting 

beyond Earth’s orbit – achieved for the first time by 

Apollo 8, pictured above – requires vast amounts of 

energy. Escaping a black hole, however, is impossible. 

No amount of energy can accelerate you fast enough.

Gravity at work 

This optical illusion, called Einstein’s Cross, is caused 

by not one but two supermassive black holes. The 

fuzzy spot in the center is a giant elliptical galaxy with 

a supermassive black hole inside it. The four brighter 

spots are a single quasar – a beam of light pointed 

towards us, created by matter as it heats up while 

falling into a black hole – billions of light-years farther 

away. The quasar’s light has been bent and projected 

by the gravity of the black hole and the galaxy in the 

foreground, and we see four separate images of it.

Reaching escape velocity and 
escaping Earth’s gravity
The energy required to launch a 1-kilogram 

payload entirely out of Earth’s gravitational 

field is the same as is stored in about 2 lit-

ers of gasoline. Even if that doesn’t sound 

like much, it reveals one of the difficulties 

of rocket design: 2 liters of gasoline weigh 

more than 1 kilogram.

Building rockets that contain enough 

energy to take them into space without 

the fuel weighing so much that they can’t 

escape is very difficult.

Advanced fuels, clever design of rockets 

(for instance, through fuel tanks and 

booster rockets that are discarded after 

use) and small, light payloads are just 

some of the tricks that rocket scientists 

use.

Also, most spacecraft don’t need to leave 

Earth’s gravitational field entirely – they 

just need to get high enough to orbit. This 

is the case for Hubble as well. Hubble 

(and indeed other satellites) are still within 

Earth’s gravitational influence. These sat-

ellites stay in orbit because they are high 

enough up and moving fast enough to fall 

around Earth rather than falling towards it.



A small black hole

An artist’s impression of a powerful pair of 

jets blasting out from a stellar black hole. 

This black hole blows a huge bubble of 

hot gas, 1,000 light-years across, and is 

known as a microquasar. This stellar black 

hole belongs to a binary system.
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science fact 
and science 
fiction 
In science fiction movies, black holes are 
usually presented as a menace to the cos-
mos, huge vacuum cleaners that suck up 
everything around them. The truth – as is 
often the case – is actually quite a bit less 
dramatic than fiction, and black holes really 
aren’t so scary.

Black holes come in different shapes and 
sizes. Scientists have had solid evidence 
for the smaller ones since the 1970s. These 
form at the end of the life of a giant star. 

The supernova explosion that consumes the 
star blasts away the outer layers, and the 
core collapses to form an incredibly dense 
ball. Because the mass is very large, and 

the size very small, the escape velocity of 
these stellar remnants is also very high; if 
the size of the star and the conditions are 
right, the escape velocity can be higher than 
the speed of light. In these cases, a small 
black hole is left behind. (If the remnant is 
not quite dense enough, the dead core of 
the star remains as a neutron star.)

Stellar-mass black holes are really small. 
Despite having several times the mass 
of the Sun, they are typically less than 30 
kilometers in diameter. 

Contrary to their treatment in fiction, how-
ever, these black holes are actually pretty 
harmless (even if the explosions that create 
them are not). If the Sun were to turn into 
a black hole of the same mass tomorrow, 
Earth’s orbit would not even be disrupted 
– although it would suddenly get very cold 
and dark down here.

A black hole doesn’t affect distant objects 
any more than a star of the same mass 

Life without our Sun 

If the Sun were to suddenly be replaced with a black 

hole of the same mass, it would get very dark in a 

hurry, but the orbits of the planets would continue 

as before. Black holes are only dangerous if you get 

close to them.

does. The danger zone is only worth worry-
ing about if you get very near to the surface.

Stellar-mass black holes are only part of the 
story, and they are in most respects simply a 
boring epilog to the far more interesting lives 
of stars – covered in Chapter 5.

The longer story, and the place where Hub-
ble has made a huge contribution to sci-
ence, lies in the study of giant black holes. 
These are not just a few times the mass of 
the Sun, but are many millions, or even bil-
lions, of times more massive than our home 
star, and they lie at the center of most, if not 
all, big galaxies.
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Every giant 
galaxy has 
a heart of 
darkness
Before Hubble was launched, astronomers 
had noticed that the centers of galaxies 
were somehow denser and brighter than 
they should be. There was a lot more mass 
lurking there than could be easily explained 
by the usual suspects of stars, dust and gas. 

Frustratingly, telescopes at the time were 
just not powerful enough to resolve galactic 
centers. The question of whether the gravi-
tational attraction was simply caused by 
extremely large and dense star clusters, or 
whether a more exotic explanation, such as 
a giant black hole, was needed, remained 
open. 

The search for supermassive black holes in 
galactic centers was one of the key reasons 
why Hubble was built in the first place, and 
many of its earliest observations were dedi-
cated to testing this intriguing theory. 

The results were clear.

At the centers of many galaxies, where other 
telescopes saw only a white blur, Hubble 
was able to make out disks of matter. When 
they observed one of these, at the center of 
a galaxy called Messier 87, they saw that the 
color was not quite the same on both sides. 
One side was bluer than the other, showing 
that the disk was rotating very fast.

Bottom: Evidence for black holes 

This spectrum of the center of Messier 84, released in 

1997, may not look like much, but it gave tantalizing 

evidence that a supermassive black hole lay at the 

galaxy’s center. This spectrum provided evidence of 

gas spiraling into the black hole, by showing that it 

is bluer on one side and red on the other. This result 

showed that the material is spinning very fast, which 

could only be explained if it were orbiting a giant black 

hole.

Top: The motion reveals the black hole 

This diagram shows how the colors of a disk reveal its 

motion. As it spins rapidly clockwise, the light waves 

coming from the right-hand side are compressed, 

making it appear bluer. The light waves on the left-

hand side, which are rapidly moving away from us, are 

stretched, making them redder. Note that the effect is 

greatly exaggerated in this picture.



Messier 87 and its giant jet

A 2008 image of Messier 87 by Hubble. 

Note the huge jet of gas being sprayed 

out by the violent processes around the 

central black hole. The observations made 

in the early 1990s were not as pretty, 

but the science behind them was very 

important.
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The phenomenon is similar to that heard 
when an ambulance siren goes by: Its pitch 
is raised as it comes towards you and drops 
as it drives past. An object in space that is 
moving towards you is made bluer as its 
wavelength is compressed. The precise 
extent of this blue shift tells you how fast 
the object is moving. For objects on Earth, 
the effect is absolutely tiny, which is why we 
don’t see ambulances visibly change color 
as they drive past.

By studying the colors in the disk at the 
center of Messier 87, scientists found that it 
was rotating exceptionally fast, at hundreds 
of kilometers per second. This in turn told 

them that an extremely large mass must be 
hiding at the center, one that was providing 
enough gravity to explain this superfast 
orbit. Their calculations suggested that this 
mass was likely to be around 2 to 3 billion 
times the mass of the Sun. If that much 
mass was hiding in such a small space, it 
was very likely to be a supermassive black 
hole – since no other phenomenon could 
explain such a concentration of matter.

With further observations from Hubble and 
other telescopes, astronomers not only con-
firmed that Messier 87 had a supermassive 
black hole at its center, but also found many 
other galaxies with disks at their centers. 

The disks around black holes  

The supermassive black holes at the centers of 

galaxies NGC 7052 (left) and NGC 4621 (right) are 

surrounded by rotating disks of material. Very often, 

this is quite an active region that is violently emitting 

radiation.

Quasar 3C 273 

A supermassive black hole emitting a giant jet – a 

quasar. If the jet were aligned with the line of sight to 

Earth – much as if we were looking along the pencil 

beam of a flashlight, the quasar would be even 

brighter than seen here.

They concluded that most, if not all, big gal-
axies, including our own, have them as well.

In the two decades that followed this 
research, the science of supermassive 
black holes has advanced from finding out 
whether black holes exist to finding out why 
they behave in the strange ways that they do.



The giant elliptical galaxy NGC 1132 has 

a giant supermassive black hole at its 

center, and generally, large black holes 

and large galaxies go together. However, 

the precise relationship between the size 

of black holes and the size of their host 

galaxies is still not fully understood.



A quasar seen up close

Galaxy Markarian 231 has what looks 

like a bright star sitting in front of it. 

Many Hubble images such as this one 

have Milky Way stars in the foreground, 

and these outshine the galaxies behind 

them. However, the bright point of light at 

this galaxy’s center is actually a quasar, 

expelling a jet of matter and radiation 

as stars, dust and gas fall into the 

supermassive black hole.
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Probing 
supermassive 
black holes
Research into supermassive black holes 
is ongoing and, as is common in cutting-
edge science, there are more questions than 
answers.

For example, scientists have discovered 
that the mass of a black hole and the 
mass of the galaxy that surrounds it are 

very closely related. This might sound like 
common sense, but the reasons behind it 
are totally unclear. A supermassive black 
hole might be powerful, and its effects are 
pretty profound, but it is tiny compared to 
the enormous galaxy that surrounds it. 

The region around a supermassive black 
hole that is directly affected by the black 
hole is about a million times smaller than its 
host galaxy. So what kind of process could 
link the two? Is it the galaxy that affects the 
size of the black hole, or does the black hole 
regulate the size of the galaxy?

There is another mystery that is probably 
linked to these unanswered questions.

Artist’s impression of a quasar’s inflows and 

outflows 

There is a limit to how fast black holes can grow. If 

they pull matter in too quickly, the disk around the 

black hole heats up and begins to blow away some of 

the matter, once again slowing down growth.

While black holes themselves are invisible, 
as light cannot escape them, the phenom-
ena associated with them are visible. The 
disk of gas rotating around the heart of 
Messier 87 is one example; the huge jet of 
gas shooting out from its core is another. 
The jet is thought to be sprayed out from the 
matter, rapidly churning around the black 
hole as it falls into oblivion.



A quasar up close

This artist’s impression shows what a 

quasar might look like up close: A swirling 

disk of matter spiraling into a tiny, almost 

invisible black hole, and two jets being 

fi red out by the enormous forces being 

unleashed. 
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Quasars
Quasar is short for quasi-stellar object. 

As the name suggests, quasars look just 

like stars when seen through telescopes, 

but measurements of their distance show 

that they lie far outside our galaxy and are 

billions of light-years away.

For them to appear as bright as stars 

despite this immense distance, they must 

be astonishingly bright indeed. They are 

the brightest long-term phenomenon in 

the universe. Temporary events such as 

supernovae and gamma-ray bursts can 

be brighter, but they only last a short time.

For a long time, scientists could not agree 

on what might be powering such bright 

emission. However, the glow of matter as 

it falls into a supermassive black hole is 

now agreed to be the cause by virtually all 

astronomers. The jet that is being emitted 

at the poles of the black hole is pointing 

towards us here on Earth; this is what 

makes the quasars so bright. When the 

jet is pointing in a different direction, the 

galaxy’s centre looks fainter than a quasar, 

though still noticeably bright, and is called 

an active galactic nucleus.

A black hole burping 

A monstrous black hole’s rude table manners include 

blowing huge bubbles of hot gas into space. This is 

the gustatory practice of the supermassive black hole 

residing in the hub of the nearby galaxy NGC 3079.

The most dramatic of these black-hole-
related phenomena is called a quasar. In a 
quasar, the jet caused by the churning mat-
ter around the black hole shines in our direc-
tion and is extremely bright, as seen from 
Earth. From our vantage point quasars often 
outshine the galaxies in which they lie. The 
more matter a black hole is in the process 
of eating, the brighter the quasar becomes 
and the bigger the black hole grows.

Quasars can become so bright that the light 
they emit blows away the gas and dust com-
ing in; this means there will be a limit to how 
fast they can gobble up matter and therefore 
to how fast they can grow.

This implies that there shouldn’t be many 
bright quasars in the very distant universe, 
as there simply wouldn’t have been enough 
time since the Big Bang for really big black 
holes to have grown. However, recent 
discoveries have indicated that quasars 
were in existence just a billion years after 
the Big Bang, far earlier than our current 
understanding of them can explain.

For quasars, and other similar phenomena 
caused by supermassive black holes, a 
key condition is a plentiful supply of nearby 
matter for the black hole to gobble up. The 
reason our own galaxy does not have a 
quasar at its center is not that we don’t have 
a black hole, but simply that there isn’t much 
matter surrounding it.

How enough matter – enough to power a 
quasar – gets funneled towards the black 
hole at the heart of a galaxy is another ques-
tion that scientists are attempting to answer.

One possibility is that galactic mergers are 
the cause. When two galaxies collide, the 
dust and gas in them is churned around and 
– the theory goes – some of it might end up 
near the black hole. As the matter spirals 
into the black hole, the galaxy’s center would 
light up as a quasar.

However, recent studies using Hubble have 
led astronomers to question this. 

In 2010, a team downloaded over 1,000 
images of distant galaxies from the Hubble 
data archive; some images included qua-
sars and others did not, some were merging 

and some not. If mergers and quasars were 
linked, the galaxies that were going through 
mergers would be more likely to have a qua-
sar in their center than those that were not.

Judging whether or not a galaxy is going 
through a merger is quite subjective, so 
to avoid any unconscious bias, the team 
masked the centers of the galaxies (to hide 
the quasars). This ensured that they did not 
accidentally skew the results.

The above procedure describes a similar 
process to that used in medical trials, 
where doctors are not allowed to know 
which patient receives a real drug and which 
receives a placebo; it is a way of ensuring 
that the opinions of the experimenter do not 
sway the result.

The team then went through the images, 
judging whether or not the galaxies were 
merging. When the masks were removed 
from the galaxies, the researchers expected 
to see that the merging galaxies and the 
quasar host galaxies were one and the 
same. The results did not match the team’s 
expectations.
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To their surprise, the team found that there 
was no link at all between merging galaxies 
and the appearance of quasars and that 
some other process must therefore be the 
cause. Follow-up studies with galaxies at 
different distances appear to confirm this 
startling result, leaving astronomers scratch-
ing their heads as to what triggers quasars 
to start shining in the first place.

A quasar high-five 

Similar to Einstein’s Cross (p. 85) this “quintuple 

quasar” is the only case found so far in which five 

images of a distant quasar are produced by a galaxy 

cluster acting as a gravitational lens. Four of the 

images are visible as bright blue-white points of light 

around the central elliptical galaxy. The fifth is behind 

galaxy in the center, making it appear brighter.

Gamma-ray bursts – a mystery 
resolved?
Gamma-ray bursts are short and intense 

bursts of radiation first detected by military 

satellites in the 1960s – satellites which had 

been designed to detect nuclear weapons 

tests on Earth. It quickly became obvious 

that these bursts weren’t coming from 

Earth, but their true source remained 

unclear. This was particularly vexing as 

they are quite common, with several 

typically detected every day. In recent 

years, Hubble, and other telescopes 

on the ground and in space, have gone 

some way towards discovering what they  

are, and proving that their source lies in 

distant galaxies. Precisely what causes 

them remains a subject of active study, 

although scientists believe they are linked 

to the supernovae that destroy high-mass 

stars. This may not be the whole story, 

though. Scientists using Hubble to study 

an unusual gamma-ray burst coming 

from the center of a distant galaxy in 2011 

think it might have come from a star being 

ripped apart by its galaxy’s supermassive 

black hole.



Artist’s rendering of a quasar

This artist’s impression shows how a 

quasar powered by a black hole with a 

mass 

2 billion times that of the Sun may look. 
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A cross-section of the universe 

This Hubble image, taken over a period of 14 hours, 

gives a remarkable cross-section of a randomly 

selected, but slightly richer than average, part of 

the universe. The image shows objects at different 

distances and stages in cosmic history, ranging 

from cosmic near-neighbors to galaxy clusters and 

gravitational lenses from the earlier years of the 

universe.

Each new discovery over the centuries has 
not only extended our knowledge, it has also 
extended the size of the known universe. 
With each discovery, however, the number 
of things that we realize we do not know has 
also grown.

THE Dark 
cOsmOs

Today, we know that we live in a cosmos 
filled with hundreds of billions of galaxies, 
each of them home to hundreds of billions of 
stars, most of which are probably populated 
with planets. The chance of ever having any 
meaningful knowledge of many of these 
countless worlds seems remote.

Two discoveries in the twentieth century 
played a dramatic role in this process. They 
go by the cryptic names of dark matter and 
dark energy. Between them, they dominate 
the universe, and yet paradoxically, they are 
almost impossible to detect. 

The history of astronomy is both a story of increasing understanding and knowledge and one 

of increasing mystery. A millennium ago, humanity had no concept of orbits or galaxies; the 

nature of stars was unknown, and even planets were seen only as wandering stars that did not 

follow the regular motion of the heavens. That made the known universe quite a small place.
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Predicting 
dark matter
As far back as the 1930s, astronomers real-
ized that the rotation rates of galaxies did 
not make sense. The distribution of stars 
within them and the movement of the spiral 
arms could not be reconciled unless there 
was a great deal of hidden matter within the 
galaxies.

Astronomers are fairly good at seeing in the 
dark. Although objects usually need to be 
hot to glow with visible light, even very cold 
objects are bright when observed in the 
infrared or with radio telescopes. The trouble 
is that the hypothetical hidden matter was 
totally invisible in the infrared, too. The extra 
mass could not just be explained away by 
saying that it was cold and dark. 

Either it existed and was genuinely totally 
invisible, or it didn’t exist, and the calcula-
tions of galaxies’ motions – and the laws 
of motion that underpinned them – were all 
wrong.

It might have been tempting to say that 
the calculations were wrong, but evidence 
gradually accumulated that dark matter was 
real, and its existence is no longer in any 
serious doubt.

High-resolution observations from Hubble 
have since provided startling corroboration 
that the cosmos genuinely contains a vast 
amount of hidden mass.

The web of dark matter 

We now know that the universe we see in visible light 

is just a small fraction – around 1/20th – of what is 

actually out there. This computer simulation shows the 

scaffolding of dark matter that governs the large-scale 

structure of the universe, determining the location and 

behavior of galaxy groups and clusters.



A rotating spiral galaxy

Messier 77, a typical spiral galaxy, as 

seen by Hubble. Measurements of the 

rotation rates of spiral galaxies reveal that 

they contain a large amount of hidden 

mass. If the only mass present was what 

we can see in the form of dust, gas, and 

stars, then spiral galaxies would gradually 

wind up because the outer regions would 

rotate more slowly than the inner ones. 

In fact, astronomers have observed the 

rotation rates of galaxies to be roughly 

the same from the middle right out to the 

outer regions. This can easily be explained 

if there is a large amount of dark matter 

among the stars and extending out into the 

galaxy’s halo.
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Detecting dark matter
But if dark matter is totally invisible, how 
can Hubble see it? Albert Einstein’s famous 
general theory of relativity is the key.

Light always travels in a straight line, but one 
of the mind-bending outcomes of Einstein’s 
theories is that space itself is not neces-
sarily so straightforward. Mass, and the 
gravity associated with it, subtly warps and 
bends the fabric of space. That means that 
even if light is moving in a straight line, the 
space it’s going through can be bent. Con-
sequently, the path of light bends ever so 
slightly towards objects with a large mass.

A famous test of this theory came in 1919, 
when a team of scientists led by Sir Arthur 
Eddington observed the Sun during a solar 
eclipse. Einstein’s theory suggested that 
stars that appear very close to the Sun 
should seem to be shifted very slightly 
closer thanks to this effect. However, this 
could be tested only during an eclipse, 
when the Sun is obscured by the Moon, 
because the Sun normally outshines all the 
stars in the daytime sky. During the eclipse, 

Nailing general relativity 

One of Arthur Eddington’s photographs of the 1919 

solar eclipse. Stars seen close to the Sun (marked) 

had indeed “moved” slightly relative to their usual 

positions in the night sky because the Sun’s gravity 

had bent the path of their light. This was one of 

a number of pieces of evidence that supported 

Einstein’s revolutionary theories in the early twentieth 

century.

however, the position of stars very close to 
the Sun was slightly but measurably shifted 
compared to their location when seen at 
night, far from the Sun. 
 
Around large concentrations of mass, such 
as galaxy clusters, however, the effect is 
much more dramatic than a tiny shift in the 
location of a star, especially when seen 
through a telescope such as Hubble. The 
warped space around the galaxies is plain 
to see in Hubble images of clusters, as the 
light from more distant objects is stretched 
and squeezed out of recognition. 

Faraway galaxies appear grotesquely 
stretched out of shape, but also curiously 
brightened. Because the concentrations of 
matter in galaxy clusters bend the light pass-
ing through them, much as a lens does, this 
process is known as gravitational lensing. 

Many of Hubble’s discoveries regarding very 
distant and faint objects in the universe were 
possible only thanks to the helping hand of 
these natural lenses.

Examples of gravitational lensing 

 Gravitational lensing effects occur around massive 

objects. This is most obvious in galaxy clusters, 

when the huge mass of the cluster (which contains 

both ordinary and dark matter) bends the path of 

light coming from more distant galaxies, making 

them appear distorted and often in multiple copies. 

Gravitationally lensed objects in the sky reveal hidden 

mass in the form of dark matter.



Mapping dark matter in a cluster

Abell 1689 is a lensing cluster, with the 

distorted shapes of background galaxies 

scattered around it. The location and 

nature of these distortions let astronomers 

infer the quantity and distribution of dark 

matter in the cluster, which is overlaid 

on Hubble’s image here in pale blue. 

The distribution of dark matter is not 

entirely dissimilar from the distribution 

of the visible galaxies – clumpy and 

concentrated mostly towards the center of 

the cluster. 



Warped by gravity

This picture of a galaxy cluster shows 

some of the classic signs of space being 

warped by gravity. The objects marked 

are actually one and the same. The distant 

galaxy’s light has taken two different paths 

through the cluster, so we see two images 

of it. One has been grotesquely distorted 

during its journey, making it look like a 

space invader. The diagonal streaks of 

light in the image are other distant galaxies 

whose apparent shapes have been 

stretched by the cluster’s gravity. 

The image of the galaxy in the upper right 

corner is also curious, but not a result of 

gravitational lensing. The purple dripping 

effect is hot interstellar gas being pulled 

out of the galaxy as it passes through a 

denser region of intergalactic gas (see the 

section on ram pressure stripping below).

The distortions caused by gravitational 

lensing can be used to reconstruct the 

location and quantity of mass in a galaxy 

cluster; they reveal that there is far more 

matter than meets the eye – mysterious 

dark matter far outweighs normal matter.



Most distant galaxy so far?

In addition to being cosmic curiosities, 

gravitational lenses are useful to 

astronomers. The collection of bright 

galaxies seen here is a cluster called 

MACS J0647. Three tiny specks of red 

light in the image turn out to be three 

separate lensed images of an extremely 

distant galaxy. If its estimated distance 

is confi rmed by the James Webb Space 

Telescope, we are seeing it just 420 

million years after the Big Bang, making 

it one of the most distant galaxies ever 

observed. The gravitational lens amplifi es 

the light, making the distant galaxy visible 

to Hubble, when ordinarily it would be too 

faint.
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Gravitational lenses don’t just tell us of 
objects in the very distant universe, however. 
They tell us about the very odd properties of 
dark matter.

By mapping the distortions of distant galax-
ies in pictures of lensing clusters, astrono-
mers have been able to determine exactly 
where the cluster’s mass lies, reconstructing 
the shape and mass of the lens. These 
reconstructions of numerous clusters all 
show the same thing: The stars, gas and 
nebulae in the galaxies are not the main 
contributors to this mass. Galaxies make 
up less than a fifth of the mass in galaxy 
clusters, and dark matter makes up the 
rest – the same conclusion suggested by 

the rotation rates of spiral galaxies observed 
decades earlier.

Thus, thanks both to the rotation rates of 
galaxies and the effects of gravitational lens-
ing, astronomers are now certain that dark 
matter exists. With the mass maps drawn 
up using Hubble observations, they even 
have quite detailed pictures of where it lies, 
even if it remains totally dark in conventional 
observations.

The enormous amounts of dark matter 
gathered in galaxy clusters deflect light in a 
quite dramatic and visually compelling way 
as dramatic arcs and contorted galaxies. 
In addition, the dark matter in individual 

When clusters collide 

Dark matter does not behave like ordinary matter. 

When galaxy clusters collide with each other, the 

gas within them smashes together and heats up, 

emitting X-rays. In contrast, dark matter does not 

collide; the dark matter haloes of the two clusters just 

pass through each other without any friction. This 

Hubble image of cluster MACS J0025 dramatically 

demonstrates this odd phenomenon.  

 

The red overlay shows the normal matter (observed by 

the Chandra X-ray Observatory), and blue represents 

the dark matter (mapped with gravitational lensing 

measurements from Hubble). The normal matter has 

mostly piled up in the center of the new cluster during 

the collision, whereas the ghostly dark matter was 

unaffected by the crash and has passed right through 

the collision as if nothing had happened. 
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galaxies and even in the space between 
the galaxies encodes its signature on the 
light from background galaxies. This effect is 
more subtle and is called weak gravitational 
lensing, as compared to the more spectacu-
lar strong lensing.

Using complex mathematical algorithms, 
galaxy shapes can be measured statisti-
cally; this lets astronomers “weigh” the 
large-scale matter distribution in space 
over large distances. To do this well, huge 
samples of galaxies in large areas of the sky 
are needed, and ultraprecise measurements 
of their shapes must be made. The former 
is typically the domain of ground-based 
telescopes, whereas the latter is Hubble’s 
home turf. In 2006, Hubble scientists even 
produced the first three-dimensional map 
of dark matter distribution in a patch of the 
universe. It revealed a network of dark mat-
ter filaments growing clumpier over cosmic 
time, as predicted by theory.

First three-dimensional map of dark matter 

By analyzing weak gravitational lensing in the 

COSMOS survey, astronomers constructed this three-

dimensional map (in blue). It offers a first look at the 

web-like large-scale distribution of dark matter in the 

universe, an invisible form of matter that accounts for 

most of the universe’s mass. This artist’s impression is 

based on real data. The map reveals a loose network 

of dark matter filaments that gradually collapses under 

the relentless pull of gravity and grows clumpier over 

time (towards the left).

The largest elliptical galaxy 

NGC 4874, at the center of the Coma Galaxy Cluster, 

has amassed numerous smaller galaxies and grown 

to be one of the largest galaxies we know – a giant 

elliptical galaxy, about 10 times larger than the 

Milky Way. There is plenty here to keep an observer 

interested. The star-like dots that surround NGC 4874 

are not individual stars but globular star clusters. More 

than 30,000 are known to orbit this galaxy, compared 

to less than 200 in the Milky Way.



Abell 2218 

A rich galaxy cluster composed of 

thousands of individual galaxies, not only 

magnifi es the images of hidden galaxies 

but also distorts them into long, thin arcs.



Abell 383 

The giant elliptical galaxy at the center of 

galaxy cluster Abell 383 contains so much 

dark matter mass that its gravity bends 

light into long arcs curving around it.



ZwCl 1358+62

ZwCl 1358+62 contains at least 150 

individual galaxies. This image depicts 

multiple blue, red and orange arcs 

scattered across the image, which 

represent amplifi ed and stretched images 

of the galaxies behind the cluster’s core. 



Abell 370

Abell 370 was one of the very fi rst 

galaxy clusters in which astronomers 

observed gravitational lensing. In the 

mid-1980s observations from ground-

based telescopes of the giant arc near 

the right-hand side of the picture allowed 

astronomers to deduce that the arc was 

not a structure of some kind within the 

cluster, but the gravitationally lensed 

image of an object twice as far away.
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The cosmic web
Galaxy clusters are the largest structures in 
the universe that are held together and have 
evolved by their own mutual gravity. How-
ever, they are not the largest things to exist 
in the universe. The very largest structures in 
the universe date back to the Big Bang. They 
did not gradually emerge over time like stars 
and galaxies; they were there from the start.

When the universe was formed in the Big 
Bang, it was filled with gas and nearly fea-
tureless. Today, stretches of millions of light-
years with virtually no mass in them contrast 
with regions like the Solar System that are 
full of matter, whereas the early universe was 
very uniform. The gas that filled the cosmos 
had only tiny fluctuations in density that 
came from the first milliseconds of the Big 
Bang, when the whole universe existed on 
a microscopic scale.

However, these fluctuations in density set 
the pattern for how the universe looks today, 
with the denser regions in the early universe 
forming denser regions today. Thus, on very 
large scales, the universe takes the form of 
a web-like pattern of filaments and sheets of 
dark matter, with galaxies lying along them 
and galaxy clusters forming where filaments 
meet.

This large-scale structure, called the cosmic 
web, has been suspected for decades, 
partly because of computer reconstructions 
of the conditions in the Big Bang, and partly 
because of surveys of galaxy distances that 
show them clustering together in walls and 
strings.

The proof that the clustering of galax-
ies reflected an underlying dark matter 
structure, however, came from a far more 
recent discovery, made by Hubble in 2012. 
Scientists studied a large and highly detailed 
map of the vast galaxy cluster MACS J0717, 
searching for the distorted shapes of back-
ground galaxies that weak gravitational lens-
ing produces. Reconstructing the location 

of dark matter in and around MACS J0717, 
the scientists showed that not only did it lie 
within the cluster, where the galaxies are 
at their densest, but also a broad curving 
filament extended out from the back of the 
cluster. 

Along with similar, less detailed observations 
made with the Japanese Subaru telescope 
a few months earlier, this provided the first 
concrete detection of part of the cosmic 
web.

The cosmic web 

This image comes from one of the largest computer simulations of the growth of dark matter structure and galaxies 

ever conducted. The network is visible, with intersection points where galaxy clusters grow as galaxies flow along 

the filaments.



A fi lament in the cosmic web

A study of gravitational lensing in and 

around galaxy cluster MACS J0717 in 

2012 revealed that the concentration of 

dark matter extended out of the cluster 

along a fi lament. The galaxy cluster can be 

seen at the top, with the inferred location 

of dark matter in blue. However, the dark 

matter also extends downwards. Together 

with a separate observation made around 

the same time with the Japanese Subaru 

telescope, this is the fi rst direct detection of 

a dark matter fi lament in the cosmic web.
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Galaxy clusters are inhospitable places. As 
the cosmic web funnels new galaxies in, 
and clusters sometimes merge with others, 
the galaxies within them can get shaken up 
quite a bit. One fascinating phenomenon 
that sometimes occurs within galaxy clusters 
goes by the inauspicious name of ram pres-
sure stripping.

This violent galactic undressing is due to 
an invisible drag force caused by an object 
moving through the superheated gas that 
lurks at the center of galaxy clusters. The 
stars are not seriously affected, but the dust 
and gas within the galaxy are ripped out by 
the collision, appearing as shockwaves, 
drips or streamers of material being pulled 
out of the galaxies. Even though Hubble’s 
images of this phenomenon are stills, the 
galaxies undergoing ram pressure stripping 
practically swirl off the page with apparent 
movement. This highlights the dramatic state 
of the galaxy, with a vivid view of ghostly 
gas being forced out of it with bright blue 
pockets of new star formation.

Studies of ram pressure stripping help 
astronomers to better understand the 
mechanisms that drive the evolution of gal-
axies. After this shock treatment, a galaxy 
can no longer form any new stars.

ram pressure  
stripping: an  
invisible force  
in clusters

Ram pressure stripping 

Galaxy ESO 137-001 (above) is framed against a bright background as it moves through the heart of galaxy cluster 

Abell 3628. An invisible force called ram pressure stripping is violently tearing and ripping this spiral’s entrails out 

into space, leaving bright blue streaks as telltale clues to this cosmic crime.  

 

NGC 4522 (right) is another spectacular example of a spiral galaxy that is currently being stripped of its gas 

content. The galaxy is part of the Virgo Galaxy Cluster, and its rapid motion within the cluster results in strong 

winds across the galaxy as the gas within is left behind. A number of newly formed star clusters that developed in 

the stripped gas can be seen in this Hubble image.
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Dark matter is difficult to comprehend, but 
when it was finally observed, it fitted well with 
astronomers’ theories. Predictions based on 
the motion of galaxies as well as theoretical 
studies of the Big Bang both suggested its 
presence, so finding that it did indeed exist 
was no great surprise.

However, a breakthrough made in the 
1990s using data from various telescopes, 
including Hubble, was totally unexpected, 
transforming our understanding of the 
universe – and winning its discoverers the 
Nobel Prize in Physics in 2011.

Since the days of Edwin Hubble, scientists 
have known that the universe is expanding, 
a result of its birth in the Big Bang some 13.8 
billion years ago. 

Indeed, one of the reasons we know that 
the universe is 13.8 billion years old results 
from observations by Hubble. One of the 
early priorities for the telescope was to 
measure the brightness, and hence the 
distance, of Cepheid variable stars and Type 
Ia Supernovae, both of which are very well 

understood. By measuring the distances of 
these well-understood objects, scientists 
obtained a tool for understanding the size 
of the universe and estimating its age with 
an accuracy of 10%. Before Hubble, scien-
tists’ calculations of the universe’s age were 
very imprecise, with most estimates lying 
between 10 and 20 billion years. 

Measuring the rate of expansion of the 
universe was even harder; the uncertainty 
of this value was around 50% before Hubble 
was launched. One question that remained 
unanswered throughout the twentieth cen-
tury was how the expansion of the universe 
would slow over time. Would it gradually 
grind to a near halt, with galaxies that were 
basically static, or was there was enough 
gravity to stop the expansion altogether and 
push the universe into reverse gear? 

If there was enough gravity to make the 
universe contract, this would mean that in 
the distant future, the cosmos would col-
lapse in on itself in an event known as the 
Big Crunch.

When telescope technology finally became 
powerful enough to study the rate of expan-
sion, using space- and ground-based 
measurements of the brightnesses of super-
novae at different distances, the scientists 
had a huge shock. Far from slowing down, 
the universe, incomprehensibly, seemed to 
be speeding up. Checking their results again 
and again with different data and different 
telescopes made no difference. There was 
no mistake – the universe’s expansion was 
accelerating.

This expansion is hard to explain, but clearly 
there is a previously unknown source of 
energy that pervades the universe, pushing 
galaxies apart ever faster. Dubbed dark 
energy, this has been the focus of much 
research in recent years, with Hubble a 
major participant. 

The quantity of dark energy in the cosmos is 
vast. Einstein’s theory of relativity shows that 
mass and energy are essentially the same 
thing. Stars create energy out of mass, for 
instance. 

Totting up the amount of energy required to 
push the expansion of the universe reveals 
something quite startling: Dark energy 
must make up around three-quarters of the 
content of the universe. With the lion’s share 
of the rest taken up by dark matter, just 5% 
of the universe is made up of the ordinary 
matter that we know and see around us.

The dark cosmos is arguably the biggest 
discovery of all time – a dark and largely 
unknown cosmos 20 times more massive 
than the universe we thought we knew. It is 
also a cosmos that, despite all the mysteries 
surrounding the darkness, is better known 
than ever before. Thanks to hundreds of 
different telescopes on the ground and in 
space, with Hubble often blazing the trail, 
the rate of the universe’s expansion, its age 
and the amount of matter are known much 
more precisely than ever before. The only 
remaining challenge is to find out what is 
actually out there.

Dark energy revealed
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A surprise in NGC 1316 

Hubble’s sharp vision reveals that surprisingly 

complex loops and blobs of cosmic dust lie hidden 

in the giant elliptical galaxy NGC 1316. Resembling 

dust bunnies that lurk in corners and under beds, the 

dust lanes and star clusters of this giant galaxy give 

evidence that it was formed from a past merger of two 

gas-rich galaxies.

Possibly the biggest challenge for astrono-
mers is that of perspective. 

For a scientist working in a lab, perspective 
is no problem: If you can’t figure out what’s 
going on in your experiment, you can walk 
around the lab bench and look at your appa-
ratus from the other side.
 
Astronomers do not have this luxury. With 
only a handful of exceptions, namely the 

OPTical  
illUsiOns

planets, moons, asteroids and comets of 
the Solar System, astronomers can see the 
objects they observe only from one side. 
Traveling millions of light-years across the 
void of space to see a galaxy from a differ-
ent angle is obviously a non-starter.
 
This limitation has always been a huge chal-
lenge for astronomers, as it hampers even 
simple things, like making accurate distance 
measurements and understanding shapes 

and orientations: How can you tell whether 
an object is small but nearby, or large and 
far away, if you can see it from only one 
angle?
 
Hubble’s photo album is full of mind-
bending views, tricks of perspective and 
other optical illusions, which together add a 
new dimension to some of its most famous 
pictures.

In astronomy, things are sometimes not as they seem. Pictures beamed down from Hubble 

can be packed with optical illusions, and it takes all the skill and training of a professional 

astronomer to tease out the truth.



146

How can you tell whether something is 
small and close or large and distant? It’s 
not such a simple question. In everyday 
life, our brain perceives depth because our 
eyes are  sufficiently far apart that they each 
capture a subtly different picture. Our brain 
processes the difference, and as a result, 
we can easily judge the distance of relatively 
nearby things. For things that are farther 
away on Earth, we still have the option to go 
there and measure how far we’ve travelled. 

In space, however, things become much 
more complicated. Astronomers have to 
rely on measurements such as redshifts or 
brightnesses and the properties of superno-
vae or variable stars – not to mention their 
expert judgment – to estimate distances. 
None of these methods are totally foolproof, 
nor are they trivial to calculate.

Hubble’s pictures of galaxies often illustrate 
this problem, as galaxies come in all differ-
ent sizes and distances. Sometimes, as in 
the galaxy “pair” NGC 5011B/C, the mystery 
is not very hard to solve. NGC 5011B, on 
the right, is obviously a large spiral galaxy 
seen side on, clearly visible thanks to its 
 distinctive appearance. NGC 5011C, in the 
center, is less easily identifiable, although it 
does look like a dwarf galaxy – which would 
suggest that it is not only much smaller than 
its apparent neighbor but also much closer 
to us. 
 
By using spectroscopy to study the speeds 
at which the two galaxies are receding from 
us, scientists have confirmed this view: 
NGC 5011C is indeed a small dwarf galaxy 
at just one tenth the distance of its giant 
“neighbor.”

Stephan’s Quintet, another grouping of gal-
axies snapped by Hubble, is an even more 
dramatic example. At first sight, it looks like 
a clump of five galaxies in close proximity 
to one another. But this is not the case. 
The four yellow galaxies are indeed close 
to each other, but the paler galaxy at the 
upper left, with the pink nebulae, is at just 
one-seventh the distance.

small and close, large and distant

A couple, or not? 

NGC 5011C, just above the center, is a dwarf galaxy 

at only about a tenth the distance of NGC 5011B, the 

side-on spiral galaxy on the right. The bright stars 

at the bottom of the frame are closer still: These are 

located within the Milky Way. Working out the correct 

perspective in Hubble images is not always easy.



Quartet or quintet?

It might look like the fi ve galaxies of 

Stephan’s Quintet are about to crash into 

each other, but in fact only some of them 

are. The four yellow galaxies are indeed 

near to one another (with the middle two 

already merging), but the paler galaxy at 

the upper left is a smaller galaxy at just 

one-seventh the distance from Earth.
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On a collision course?
Sometimes these tricks of perspective are 
particularly dramatic because they imply 
links between objects that are not even 
close to each other.

The galaxy pair NGC 3314A/B must be the 
most eye-catching example of this. Although 
the two objects look for all the world like two 
spiral galaxies in the process of merging, 
even when you look closely, detailed meas-
urements have shown that the two cannot 
be interacting. 

The speeds at which the stars in the two 
galaxies are moving show that NGC 3314A, 

in the foreground, and NGC 3314B, in the 
background, are relatively undisturbed. The 
slight warping of NGC 3314A’s shape (its 
arms are more spread out below and to the 
right of the core) is actually thought to be 
due to an encounter with another nearby 
galaxy, perhaps NGC 3312, which is out of 
the frame in this picture.

One thing that is totally clear in Hubble’s 
image, however, is which galaxy lies in front 
of the other. The way in which they overlap 
makes their appearances dramatically 
 different. The dust lanes of NGC 3314A, in 
the foreground, are dramatically silhouetted 

Colliding or not? 

NGC 3314 looks like two spiral galaxies in the midst 

of a colossal collision, but they are at a safe distance 

from one another. The distortion in NGC 3314A’s 

shape (its arms are more spread out below and to the 

right of its core) is actually due to an interaction with 

another galaxy that is outside the frame.

by the light coming from behind, making 
them very clearly defined. NGC 3314B’s 
dark and dusty regions, in contrast, seem 
far less defined because of the pale fog of 
billions of stars from NGC 3314A that lie in 
front. 
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Telling points of light apart
It isn’t just galaxies near and far that can 
confuse an onlooker. Many of the most 
important objects in astronomy appear 
only as star-like points of light, even through 
powerful telescopes such as Hubble. Even if 
most of these distant dots are indeed stars, 
there are a few which are not.

Ancient astronomers learned to tell the 
difference between planets and stars long 
before telescopes let them see what the 
planets look like because planets move 
across the sky differently from stars.

Similarly, today’s astronomers have to look 
beyond the appearance of many objects to 
tell them apart.

One type of object that looks uncannily like a 
star is the quasar, which is discussed further 
in Chapter 7. The name is short for “quasi-
stellar object,” which is appropriate given 
its appearance. Quasars were unexplained 
for a long time; looking through telescopes, 
astronomers saw what looked like bright, 
bluish stars, much like those in the Milky 
Way. However, studying the properties of 
their light revealed a conundrum: The calcu-
lations suggested that they lay at distances 
that placed them sometimes more than 
halfway across the visible universe.

This was particularly confusing when 
 quasars shone through the galaxies that 
lay in front of them. A bright dot on a galaxy 
image is usually, but not always, either a 
very bright star within it or a foreground 
star in the Milky Way. The spiral galaxy  
NGC 1073 (on next page) is a  perfect exam-
ple of this. The three bright dots in Hubble’s 
portrait look like they might be foreground 
stars, but they are in fact  quasars billions of 
light-years beyond the galaxy of which they 
appear to be a part.

Seeing double? 

In the center of this Hubble image, two bluish bright 

objects are clearly visible. When they were first 

discovered in 1979, they were thought to be separate 

objects; however, astronomers soon realized that 

these twins were a little too identical! They are close 

together, lie at the same distance from us and have 

surprisingly similar properties. The reason they are so 

similar is not some bizarre coincidence; they are the 

same object gravitationally lensed into two images by 

a foreground galaxy. These cosmic doppelgangers 

make up a double quasar known as QSO 0957+561, 

also known as the Twin Quasar.

Because quasars are very distant, they 
can often be lensed by objects in the fore-
ground, adding yet more confusion. The 
Twin Quasar, first spotted in the late 1970s, 
intrigued scientists, who thought they might 
have spotted two quasars with very similar 
properties close to each other in the sky. But 
this was actually one of the first gravitational 
lenses ever observed: The “twin” quasars 
were just one. The path taken by light from 
this quasar was bent and distorted by a clus-
ter of galaxies in the foreground, creating a 
double image.



Foreground stars or distant quasars?

NGC 1073 is a classic barred spiral 

galaxy, dotted with bright stars. However, 

three of the points of light apparently 

superimposed on it are actually incredibly 

distant quasars billions of light-years 

behind the galaxy.
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Astronomers can calculate the ages of stars 
on the basis of their color. Early in stars’ 
lives, they shine pale blue; their surface 
temperatures are incredibly hot, and they 
spew out high-energy ultraviolet light along 
with visible light.

Over time, they cool and redden; elderly red 
giant stars are deep red, with surfaces much 
colder than the Sun. 

The rate at which this happens varies with 
the size of the star and its composition, but 

the progression from blue to red almost 
always holds true – but not quite always.

Sometimes, stars can get a new burst of life 
if they siphon material from a near-neighbor 
in a binary system. This sudden influx of 
matter bulks them up, brightens them, and 
makes them blue once again, even if they 
are very old.

In globular clusters of stars, which, because 
of their age, should all be old and red, this 
means that an unexpected population of 

Old stars look young
Youngsters in NGC 6362? 

The core of the globular cluster NGC 6362 reveals 

a number of extremely blue stars scattered around. 

Globular clusters are made up entirely of older stars, 

which usually look red. Sometimes, however, if they 

can tap into fresh sources of fuel, elderly stars can 

take on a new lease on life, making them blue once 

more.

blue, young-looking stars can sometimes 
be seen. 
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Dotted throughout our galaxy, and observed 
by Hubble in other galaxies, are ancient clus-
ters of stars called globular clusters, which 
typically contain a few tens or hundreds of 
thousands of stars. These are interesting to 
astronomers for various reasons. For exam-
ple, they contain some of the oldest stars in 
the universe. In addition, they all formed in 
single episodes of star formation, in which 
a cloud of gas collapses in on itself, trigger-
ing the birth of hundreds of thousands of 
stars all at once. This sets them apart from 
galaxies, which contain multiple generations 
of stars and often have new star formation 
continuing today.

Globular clusters have a distinctive appear-
ance – balls of closely spaced stars – so 
they should be easy to identify. However, 
astronomers have found a number of impos-
tors, one of which was only exposed after 
many years of misidentification.

In the southern sky, the constellation of 
Centaurus contains what looks like a slightly 
fuzzy star, known as Omega Centauri. Look-
ing at it through even a simple telescope 
reveals something quite remarkable. Even 
without any magnification, the extra light-
gathering power of a telescope reveals vast 
numbers of stars that are invisible to the 
naked eye. Covering an area larger than the 
size of the Moon, Omega Centauri was long 
considered to be the archetypal globular 
cluster.

However, Hubble and other modern obser-
vatories have found many subtle features 
of Omega Centauri that reveal it to be quite 
different from other globular clusters. For 
one, there is a large black hole at its core, 
much like galaxies have. Moreover, an 
examination of the colors and intensities of 
the light coming from its stars reveals that 
they are not all the same age. Finally, it spins 
faster than other globular clusters; Hubble’s 
precise measurements enable astronomers 
to forecast the movements of individual stars 

within the cluster for many centuries into the 
future.

All this information indicates that Omega 
Centauri is the core of a dwarf galaxy that 
was swallowed by the Milky Way, with its 
looser outer regions stripped away and 
assimilated into our home galaxy. However, 
you wouldn’t guess any of this just by look-
ing at it.

Globular clusters and their younger, smaller 
cousins, the open clusters, can often 

clusters in disguise

Globular cluster or not? 

Omega Centauri’s central region, imaged by Hubble, 

looks much like any other globular cluster. However, 

recent research suggests it may be a dwarf galaxy.

be hard to tell apart, too. Open clusters 
are smaller, looser and less regular, but 
here, too, appearances can be deceptive. 
NGC 411, for instance, looks remarkably 
similar to a globular cluster, even though it 
is actually a dense open cluster. 



Globular cluster or not?

NGC 411, imaged by Hubble, may look like 

a globular cluster, but it is in fact an open 

star cluster made up of young stars.



10
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The pinnacle of Hubble’s vision 

This very deep image taken with the Hubble shows 

the spiral galaxy NGC 4921 along with a spectacular 

backdrop of more distant galaxies. It was created from 

a total of 80 separate pictures taken through yellow 

and near-infrared filters.

As we know, all good things must, one 
day, come to an end. Hubble has already 
outlived its planned lifespan of 15 years, and 
if all goes well, it will be able to continue for 
some years to come. However, the space 
shuttle fleet has now retired, and no space-
craft in service or on the drawing board can 
go back to Hubble with spare parts and a 
crew of astronauts. The telescope is on its 
own; there will be no further refurbishments, 
no new instruments, and no more repairs.

HUbblE’s 
FUTUrE

Eventually, Hubble will stop working. It could 
be that its instruments will fail; they are intri-
cate and highly complex devices that can 
and do wear out. Or the gyroscopes that 
keep it pointing in the right direction will 
break down. Or perhaps it will be hit by a 
piece of space junk; this happens frequently, 
although without major damage so far. But, 
inevitably, the time will come.

When it does, a rocket will be sent up to 
Hubble one last time, dock with it, and 

nudge it out of its orbit, safely crashing the 
telescope into the ocean. By then, however, 
Hubble should have a successor. 

NASA and the European Space Agency, 
the organizations that built and launched 
Hubble, are building a bigger and bet-
ter observatory, the James Webb Space 
Telescope (JWST). Joining them will be a 
new partner, the Canadian Space Agency. 
JWST is planned to launch in 2018 on board 
a European Ariane 5 rocket.

The Hubble of today is a far cry from the Hubble of 1990, with modern cameras that let it 

peer to the very edge of the observable universe, along with new solar panels, gyroscopes, 

and guidance systems that keep the spacecraft in good working condition. The telescope is 

producing some of its most profound science right now, and almost every year that goes by 

sees more Hubble studies published than the year before.
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Final call 

Astronaut John Grunsfeld working on Hubble 

during the final servicing mission to Hubble in 2009. 

Grunsfeld was the last person to ever touch Hubble: 

There will be no more servicing missions now that the 

space shuttle fleet has been withdrawn from service.

JWST is not an exact replacement for Hub-
ble. Rather, it is designed to answer many 
of the questions that Hubble raised. To this 
end, it has been designed to study the most 
distant galaxies in the universe by observing 
the cosmos in infrared light, which is techni-
cally very difficult to do from within Earth’s 
atmosphere.

The JWST will be far larger than Hubble, 
with a primary mirror 6.5 meters across 
compared to Hubble’s 2.4-meter mirror. 
The mirror is so big that it will be built of 
segments that will unfold, like an origami 
flower, once the spacecraft has reached its 
final orbit.



The James Webb Space Telescope

The huge 6.5-meter mirror will have fi ve 

times the light-collecting area of Hubble, 

making it far more sensitive and allowing 

far higher resolution when carrying out 

infrared observations. Despite the vast 

mirror and huge heat shield (the diamond-

shaped structure beneath the mirror), 

JWST will weigh only about half as much 

as Hubble, as the telescope’s optics will 

not be encased by a large metal structure.



Simulating the view with JWST

This computer simulation shows the type 

of image that is expected from a Hubble 

Deep Field-style observation performed 

with JWST. In addition to being sharper 

than Hubble’s equivalent infrared images, 

it reveals many more faint background 

galaxies. JWST should extend our view of 

the cosmos back to where we can see the 

very fi rst galaxies.
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The huge mirror is necessary for two 
reasons. First, infrared light has a longer 
wavelength than the visible and ultraviolet 
light that Hubble specializes in, and to get 
the same sharpness that Hubble has accus-
tomed us to, an infrared telescope needs a 
much larger mirror. The second reason is 
more exciting: One of JWST’s main scientific 
objectives is to study very distant and very 
faint galaxies, such as those Hubble has 
seen in the Ultra Deep Field. To capture 
more light and obtain brighter images of 
faint objects, you need a bigger mirror.

Observations of the very distant cosmos 
are just at the limit of Hubble’s capability, 
leading to much debate among scientists 
about some of their findings. When you’re 
dealing with such a tiny, faint fleck of light, 
results can only ever be tentative, and may 
have to be withdrawn if new observations 
contradict them.

JWST will change this. Because it combines 
a 6.5-meter mirror (which collects around 
five times as much light as Hubble’s) with 
highly sensitive instruments, the new tel-
escope’s observations of distant galaxies 
and quasars will be much better than Hub-
ble’s, offering astronomers the clarity and 
certainty they need.

JWST’s mirror 

JWST’s mirror will be made of beryllium (unlike 

Hubble’s, which is made of glass) plated in gold 

(Hubble’s is plated with aluminum), giving it a 

distinctive color as well as helping it reflect as much 

infrared light as possible. Here, six of the eighteen 

segments that will unfold to form JWST’s primary 

mirror are being tested at the Marshall Space Flight 

Center in the USA.
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JWST’s instruments
JWST will carry four instruments on board 

(one fewer than Hubble):

NIRCam: Near-infrared Camera
NIRCam will be JWST’s main camera, 

producing sharp and colorful images of 

the universe. It will be able to make images 

covering a range of wavelengths from the 

near-infrared into the red part of the visible 

spectrum.

NIRSpec: Near-infrared Spectrometer
NIRSpec will analyze the properties of 

light coming from astronomical objects, 

much as the Cosmic Origins Spectrograph 

(COS) and the Space Telescope Imaging 

Spectrograph (STIS) do on board Hubble. 

It also has an extra trick up its sleeve: A 

microshutter array, similar to a grid of tiny 

doors that can open and close, that will 

allow NIRSpec to measure the spectra of 

up to 100 objects at the same time.

MIRI: Mid-infrared Instrument
MIRI includes both a camera and a spec-

trograph that are optimized for observa-

tions at longer wavelengths of infrared light 

than NIRCam and NIRSpec.

NIRISS: Near-infrared Imager and  
Slitless Spectrograph
NIRISS is packaged with the guide camera 

(fine guidance sensor) and will be capable 

of imaging and wide-field grism spectros-

copy as well as interferometry.

Closer to home, JWST’s infrared optics 
will make its pictures look slightly different 
from Hubble’s. Dusty regions in galaxies, 
as well as some types of nebulae, will be 
transformed because of the way that differ-
ent types of light interact with dust. Where 
Hubble sees visible light that is scattered 
by the dust, JWST will see through the dust 
into the star-forming regions inside. Images 
produced by the infrared channel of Hub-
ble’s Wide Field Camera 3 give a sneak 
preview of what JWST will see, but with only 
a fraction of the detail that the new telescope 
will offer.

Unlike Hubble, JWST will not be launched 
into low-Earth orbit. Its delicate scientific 
instruments need to be kept cold for them 
to work properly, which means shielding the 
telescope from the light and heat of the Sun, 
Earth, and Moon. 

To this end, the telescope will have a huge 
heat shield fitted, but this only works in a 
position where the Sun, Moon, and Earth all 
lie in the same direction and the gravitational 
interplay between the three is stable. There 
is only one place that fits that bill, a location 
is known as Lagrange Point 2 (L2), and it 
lies 1.5 million kilometers from the Earth. The 
European Space Agency’s Herschel Space 
Observatory, a previous infrared space 
telescope that operated from 2009 to 2013, 
was also located there.

Because L2 is so far from Earth, around four 
times the distance of the Moon and further 
than any human has ever traveled, it will not 
be possible for astronauts to service JWST 
and its predicted lifespan of 5–10 years is 
shorter than Hubble’s. This will be worth it, 
however, because of the quality of infrared 
observations obtainable there.

What about visible-light and ultraviolet 
observations? 

As JWST reaches orbit, a new generation of 
colossal telescopes will be under construc-
tion on the ground that will challenge Hub-
ble’s legendary image quality for visible-light 
observations. 

Planned for mountaintops in Chile and 
Hawaii, these behemoths will probe the 
atmosphere using several lasers apiece and 
will be able to correct for much of the dis-
torting effect of the weather on astronomical 
observations. Because they can be so much 
larger than any telescope launched into 
space, they will have unparalleled abilities 
to capture light from faint objects.

Looking through the dust 

Hubble’s infrared capabilities (bottom), compared to 

a visible-light image (top) of the same object in the 

Carina Nebula. Infrared light makes dusty regions of 

space fade away, revealing the stars within and behind 

them. In this case, astronomers have found a newborn 

star emitting jets (see Chapter 5). Hubble’s infrared 

capabilities are limited. Its best infrared camera, 

Wide Field Camera 3, produces only 1-megapixel 

images, similar to those of a (very) cheap cell phone 

camera. Moreover, the 2.4-meter mirror cannot deliver 

images that are as sharp as those that JWST’s 6.5-

meter mirror will produce. Stars look bigger and less 

well defined in Hubble’s infrared pictures compared 

to those in pictures it takes in visible light. JWST will 

transform all this. Producing infrared images with 

clarity similar to that of Hubble’s visible-light images, 

JWST will provide a new perspective on star-forming 

regions like this one.
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Herschel also in L2 

The Herschel Space Observatory, a European space 

telescope that specialized in far-infrared observations 

and observed the sky from Lagrange Point 2. Herschel 

operated between 2009 and 2013, when its supply of 

coolant expired.

The European Extremely Large Telescope 

The European Extremely Large Telescope, seen here 

in an artist’s impression, is planned for the peak of 

Cerro Armazones in Chile. With a mirror 39 meters 

across, which gives it a light-collecting area equivalent 

to four tennis courts, this will be by far the biggest 

telescope ever built. Its dome will be almost as tall as 

St Paul’s Cathedral in London. Alongside two slightly 

smaller projects, the Thirty Meter Telescope and the 

Giant Magellan Telescope, the European Extremely 

Large Telescope will provide some of the visible-light 

astronomical capability that will be lost when Hubble 

is decommissioned, as well as opening up vast new 

areas of astronomy that no telescope in operation 

today can reveal.
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Three projects underway – the European 
Extremely Large Telescope (with a vast 
39-meter mirror), the Thirty Meter Telescope 
(30 meters across), and the Giant Magellan 
Telescope with seven 8.4-meter mirrors – will 
together offer many, but not quite all, of the 
scientific tools for which astronomers today 
use Hubble. 

Developing huge and expensive scientific 
facilities requires compromises. Although 
the era of JWST and extremely large ground-
based telescopes will open up new avenues 
of research in many fields, a few will be left 
behind. In particular, once Hubble is decom-
missioned, no major observatory will be able 
to study the sky at ultraviolet wavelengths, 
which are useful for studying high-energy 
phenomena and hot, young stars. 

Ultraviolet light, like most infrared, is largely 
blocked by the atmosphere. This is just as 
well for us because it causes skin cancer. 
For astronomers, it means they cannot 
replace Hubble’s ultraviolet capabilities with 
a new telescope on the ground. This area 
of astronomy will have to wait for JWST’s 
successor.

Engineers have not yet finished building 
JWST, let alone launching it, but astrono-
mers are already dreaming of what might 
lie beyond it. Space missions take a long 
time to plan – both Hubble and JWST have 
been decades in the making – so this is not 
as crazy as it might seem.

It’s still early days, but astronomers are dis-
cussing a project called the Advanced Tech-
nology Large Aperture Space Telescope 
(ATLAST for short). This orbiting observatory 
would be capable of observing in ultraviolet 
and visible light, with a mirror between 8 
and 17 meters across. For comparison, 
the largest ground-based telescopes in 
operation today have mirrors just over 10 
meters across, so the telescope’s proposers 
certainly don’t lack ambition. 

However, there’s still plenty of time to dis-
cuss the details; even if it gets the go-ahead, 
this observatory will not launch for another 
15–20 years. 

ATLAST, successor to JWST? 

Two possible designs for ATLAST: Top, a Hubble-

like design with an 8-meter mirror; below, a JWST-

like design for a huge folding mirror almost 17 meters 

across, larger than any telescope on the ground today.
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Appendix 1

Hubble Timeline

1977   American Congress approves funding for the Large Space Telescope.

1978   Astronauts begin training for space telescope missions.

1979   Work begins on the telescope’s 2.4-meter mirror.

1981   Space Telescope Science Institute (Space Telescope Science Institute) begins operations in Baltimore, Maryland, USA.

1983   The Large Space Telescope is renamed Hubble, after Edwin Powell Hubble, the astronomer who proved the existence of  
  other galaxies and discovered the first evidence for an expanding universe.

1984   Space Telescope–European Coordinating Facility (ST–ECF) begins operations in Garching, Munich, Germany.

1985   Work on building Hubble is completed.

1986   Challenger disaster puts all shuttle flights on hold. Launch of Hubble delayed.

1990   Launch: Space shuttle Discovery (STS-31) launched on April 24, 1990. 
  Hubble deployed on April, 25 1990. 
  Spherical aberration discovered in the Hubble primary mirror, June 25, 1990. 
  COSTAR (Corrective Optics Space Telescope Axial Replacement) approved: The creation of a complex package of five  
  optical mirror pairs to rectify the spherical aberration in Hubble’s primary mirror.

1993  First Servicing Mission (STS-61) launched on December 2, 1990 (Endeavour).
   COSTAR corrective optics installed, replacing HSP (High Speed Photometer).
   WFPC2 (Wide Field and Planetary Camera 2) replaced WFPC1 (Wide Field and Planetary Camera 1).
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1994  Hubble takes pictures of Comet Shoemaker–Levy 9 as it hits Jupiter.   

1996   The first Hubble Deep Field is published, showing the unimaginable number of galaxies in the universe. 
  Hubble resolves quasar host galaxies.

1997   Servicing Mission 2 (STS-82) launched on February 11, 1997 (Discovery).
   STIS (Space Telescope Imaging Spectrograph) replaced FOS (Faint Object Spectrograph).
   NICMOS (Near Infrared Camera and Multi-Object Spectrograph) replaces 
  GHRS (Goddard High Resolution Spectrograph).  

1999   Servicing Mission 3A (STS-103) launched on December 19,1999 (Discovery).
   Replacement of gyroscopes.
   General maintenance (no science instruments replaced).
2001   Hubble observations detect the elements in the atmosphere of exoplanet HD 209458b.

2002   Servicing Mission 3B launched on March 1, 2002 (STS-31, Discovery).
   Installation of Advanced Camera for Surveys (ACS).
   Installation of NICMOS Cooling System.
   Installation of new solar panels.  

2004   Power supply on STIS fails.
   Hubble Ultra Deep Field released.

2005   Hubble images two previously unknown moons orbiting Pluto.

2006   Hubble observations show that the dwarf planet Eris is bigger than Pluto.  

2007   The power supply on ACS fails.  

2008   Hubble images exoplanet Fomalhaut b, one of the first to be confirmed through direct imaging.
   Hubble completes its 100,000th orbit around the Earth.   

2009   Servicing Mission 4 (STS-125) launched on May 11, 2009 (Atlantis).
  Installation of WFC3 (Wide Field Camera 3).
   Installation of COS (Cosmic Origins Spectrograph).
   STIS and ACS repaired.
   Gyroscopes and batteries replaced.
   Soft Capture Mechanism installed.
   New Outer Blanket Layers installed.   

2010  Hubble images show distant galaxies with likely redshifts greater than 8, showing the universe as it was when it was   
  less than a tenth of its current age.

2011  Hubble makes its millionth observation, a spectroscopic analysis of the exoplanet HAT-P-7b.
   10,000th scientific paper using Hubble data is published, identifying the faintest supernova ever to be associated with a  
  long-duration gamma-ray burst.

2012  First 3D observations of a filament of the cosmic web in Hubble images of galaxy cluster MACS J0717.
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Appendix 2 

Hubble’s Top Science 
Accomplishments

Singling out the achievements of a particular telescope is always a very difficult task. Astronomy is a very collaborative science and discoveries 
often come from large teams working with different telescopes. Nevertheless Hubble has made its clear mark in several areas of astronomy. 
Here follows a list of some of the most prominent of its contributions.

Planetary science
• The first clear observations of Pluto and its moon Charon, and the discovery of its other moons: Nix, Hydra, Styx and Kerberos.
• The first long-term observations of aurorae on Saturn and Jupiter.
• Discovering protoplanetary disks, planetary systems in the process of forming, in the Orion Nebula.
• Detecting the chemical and physical properties of exoplanet atmospheres.

Stars and nebulae
• The first direct observations of white dwarfs in globular star clusters, allowing the first accurate measurements of cluster ages.
• Discovery of compelling evidence linking supernovae with gamma-ray bursts.
• Uncovering stellar nurseries, thanks to infrared observations using WFC3 and NICMOS.
• Resolving bright young stars in stellar nurseries thanks to ultraviolet imaging.
• Observing the evolution over time of Supernova 1987A.
• Resolving individual stars and star clusters in the Andromeda Galaxy.

Galaxies and galactic evolution
• Discovering, characterizing and weighing the supermassive black holes in galactic centers.
• Tracking the movement of the Andromeda Galaxy and plotting its collision course with the Milky Way.
• The first telescope to resolve details within gravitationally lensed images.

Cosmology
• Discovering numerous distance record holders in the Hubble Ultra Deep Field.
• Imaging quasar host galaxies.
• Groundbreaking work on dark matter, including detailed maps of its location, distribution and properties, and the first three-  

 dimensional map of a dark matter filament.
• Narrowing down on the age of the universe by making precise measurements of brightnesses, giving an age of 13.7   

billion years (previous estimates ranged from 10 to 20 billion).
• Measuring the rate of expansion of the universe, and contributing to the study of the accelerating expansion of the cosmos and   

the discovery of dark energy.
• Observing the deep fields, our first clear images of the universe when it was less than half its current age.
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Appendix 3

Other Books about Hubble
Hubble’s Universe: Greatest Discoveries and 
Latest Images, Terence Dickinson, Firefly 
Books, 2012

Picturing the Cosmos: Hubble Space 
Telescope Images and the Astronomical 
Sublime, Elizabeth A. Kessler, University of 
Minnesota Press, 2012

Space, Stars, and the Beginning of Time: 
What the Hubble Telescope Saw, Elaine 
Scott, Clarion Books, 2011

The Universe in a Mirror, Robert Zimmerman, 
Princeton University Press, 2010

Hubble: Window on the Universe, Giles Spar-
row, Quercus Publishing Plc, 2010

Hubble: A Journey through Space and Time, 
Edward Weiler, Abrams, 2010

The Hubble Telescope, Derek Zobel, Bell-
wether Media, 2010

Cosmic Collisions: The Hubble Atlas of 
Merging Galaxies, Lars Lindberg Chris-
tensen, Raquel Yumi Shida and Davide de 
Martin, Springer, 2009 

Servicing the Hubble Space Telescope: 
Shuttle Atlantis – 2009, Dennis R. Jenkins, 
Jorge R. Frank, Specialty Pr Pub & Whole-
salers, 2009

Hubble: Imaging Space and Time, David H. 
DeVorkin (Author), Robert Smith, National 
Geographic Society, 2008

Hubble: The Mirror on the Universe, Robin 
Kerrod (Author), Carole Stott, Firefly Books, 
2007

Universe: Images from the Hubble Tel-
escope, Leo Marriott, Book Sales, 2007
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Gravitational lensing

Hubble uses a natural “zoom lens” in 

space to give an unprecedented and 

dramatic new view of the distant universe. 

Hubble peered straight through the center 

of one of the most massive galaxy clusters 

known, called Abell 1689.
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