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INTRODUCTION


The Hubble Space Telescope is an icon of modern science – a technological wonder that has fascinated millions with its beautiful images and intriguing discoveries about the Universe around us. In two and a half decades of service, it has revolutionized the science of astronomy, revealing hitherto unsuspected secrets of planets, stars and galaxies.


This book is a celebration of the HST’s rollercoaster career, from its lengthy development and the troubled aftermath of its launch, through the heroic efforts of NASA astronauts in repairing and renovating the telescope in space, to the groundbreaking science and awe-inspiring pictures that form its lasting legacy.


And it is also a guide to the Universe itself as seen through the eyes of the HST (and occasionally those of the space probes and companion telescopes that help to complete the complex picture) – from our nearest interplanetary neighbours to the very edges of space and time themselves.


Interplanetary wonders


We begin with a voyage through the worlds of the solar system – from our satellite the Moon, past inaccessible Mercury, searing Venus and complex Mars, through the asteroid belt into the realm of the outer planets, and eventually out into the icy depths of the solar system.


These worlds, whose distances range from a mere 400,000 km (250,000 miles) in the case of the Moon, to billions of kilometres for the outer giants and the worlds of the distant Kuiper Belt, are the only celestial objects that are close enough to explore directly. A dozen astronauts walked on the Moon from 1969 to 1972, studying its geological history and collecting samples of its rock for return to Earth, while automated probes have now visited every major world of the solar system and a scattering of the smaller ones.


These probes extend the reach of our senses across nearby space, and can investigate where Hubble cannot (for instance Mercury, too close to the Sun for Hubble to risk its sensitive eyesight, is represented here for completeness by images from NASA’s ongoing MESSENGER mission). However, such robot explorers inevitably operate for only a limited time – Hubble’s vision across the gulf of interplanetary space may not be quite as detailed, but it can react more quickly to unexpected events, and keep a regular ‘weather eye’ on our immediate neighbours.


Studying the stars


Despite its successes in the solar system, however, far more of HST’s greatest discoveries have been made far beyond, in the realm of the stars that make up our Milky Way galaxy, and the clouds of gas and dust, or nebulae, that lie between them.


Even the closest stars to Earth are unimaginably more distant than anything in the solar system. The closest of all, a dim ‘red dwarf’ known as Proxima Centauri, is nevertheless so far away that, travelling at 300,000 kilometres (186,000 miles) per second, its light still takes roughly 4.2 years to reach our telescopes. (Compare this with the eight minutes taken by sunlight to reach Earth.) To put it another way, Proxima lies about 40 million million kilometres away – some 3,000 times further than Sedna (see p.65), the most distant object so far seen in the solar system.


Most stars in our galaxy are tens, hundreds, or many thousands of times more distant than Proxima Centauri, so it’s little wonder that even the largest appear so tiny from Earth that they are impossible to ‘resolve’ into discs. Fortunately, the feeble rays of light scooped up by telescopes can reveal the secrets of the stars in other ways, and the HST has brought new precision to many of these techniques, helping to transform these faraway pin pricks of light into suns in their own right.


An array of techniques


The most universal of these methods is called spectroscopy, and involves splitting starlight of different colours (wavelengths) of light into a rainbow-like spectrum using a device called a spectroscope. All starlight is composed of a mix of different wavelengths that blend together to give the overall impression of a single colour. Since the 19th century, astronomers have understood that the precise mix of colours and intensity of wavelengths is governed by a star’s surface temperature – red stars are comparatively cool, orange and yellow warmer, white warmer still, and blue stars the hottest of all.


What’s more, the light emitted from a star is ultimately the result of energy released by atoms and ions in its surface layers, and each chemical element produces its own distinct range of wavelengths thanks to its internal structure. As a result, a typical spectrum is usually crisscrossed by dark ‘absorption lines’ where elements high in the atmosphere ‘soak up’ specific wavelengths of light coming from below. These lines can reveal the chemical composition of a star in surprising detail, and when coupled with theoretical models of stellar evolution can help astronomers to pin down a star’s age and evolutionary stage (see p.90). Conversely, nebulae can be ‘excited’ by heating or the light of nearby stars so that they emit their own radiation at specific wavelengths and colours, which can be traced as bright ‘emission lines’ in the nebula’s spectrum.


Another important application of spectroscopy is in measuring the motion of stars and other objects. A phenomenon known as the Doppler effect causes slight shifts in the colour of a star’s light towards the blue or the red end of the spectrum depending on whether it is moving towards or away from us. The Doppler effect has many different uses – for instance, stars in orbit around one
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another in multiple systems can reveal important details such as their relative masses and sizes.


Another technique used in the study of distant stars is astrometry (the precise measurement of stellar positions in the sky). This can reveal the ‘proper motions’ of fast-moving stars across the sky, and also the slight ‘parallax’ created when telescopes view a nearby star from opposite sides of Earth’s 300-million-km (186-million-mile) wide orbit around the Sun.


Photometry, meanwhile, involves precise measurements of the changing brightness of celestial objects. It can reveal the properties of slowly pulsating ‘variable’ stars, or distant systems in which one object (a star or even an orbiting planet) occasionally eclipses another.


And while photographic imaging cannot reveal detailed stellar features, it still has an enormous role to play in the study of the stars. The nebulae from which stars condense, and into which they ultimately disperse after lives that may last for millions or billions of years, extend across light-years of space, and have many features that only long exposures from telescopes such as the HST can resolve. Altogether, during 20 years of near-continuous operation, Hubble has had a huge impact on our knowledge of stars – uncovering the processes of starbirth and death in new detail, discovering distant solar systems, and even revealing entirely new classes of stars.


Our galaxy and others


Our Milky Way galaxy is an enormous star system about 100,000 light years across, orbited by satellite systems that are tens or hundreds of thousands of light years away. But the Universe as a whole is full of galaxies that are many millions of light years further off, and Hubble has strained its vision to the limit to reveal their secrets.


The light of distant galaxies is in general just the sum of their parts – billions of individual stars, thousands of glowing nebulae, and sometimes brilliant discs of matter at their cores, known as Active Galactic Nuclei. In general, Hubble can study their properties in much the same way as the light of nearby objects, using spectrometry to identify the bulk properties of material within them, and photometry to monitor changes in the brightness of their nuclei. Studies of the Doppler effect in distant galaxies can also be particularly revealing, since they show the general drift of galaxies due to the expansion of the Universe as a whole – an expansion that is pivotal to understanding the history and origins of the cosmos.


Direct imaging, meanwhile, can reveal intricate details of galactic structures, and very long ‘Deep Field’ exposures can detect the light from galaxies many billions of light years away. Thanks to the time their light has taken to reach us, we see such galaxies as they were in earlier stages of their history, helping to reconstruct the complex story of galaxy evolution.


What’s more, Hubble’s detailed vision gives it the rare ability to resolve individual stars in distant galaxies. In relatively nearby space, its studies of ‘Cepheid variables’ have enabled astronomers to calibrate the scale and age of the Universe, while detection of exploding stars known as Type 1a supernovae across far greater distances have helped to reveal a new and mysterious aspect of the Universe known as dark energy (see p.210).


From our nearest neighbours in space to the most remote parts of the cosmos, the Hubble Space Telescope has transformed our understanding of the Universe around us – this book celebrates two decades of fascinating discoveries.


SERVICING MISSION COLOUR CODES


The HST was designed from the outset for regular repairs and upgrades from visiting astronauts. Throughout this book, images from different phases of Hubble’s history are indicated with the following Servicing Mission (SM) icons:


0


PRIOR TO SM1


April 1990 to December 1993


SERVICING MISSION 1


January 1994 to January 1997


SERVICING MISSION 2


February 1997 to November 1999


SERVICING MISSION 3a


December 1999 to February 2002


SERVICING MISSION 3b


March 2002 to April 2009


SERVICING MISSION 4


After May 2009


1


2


3a


3b


4
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BEGINNINGS


FROM ITS ORIGINS IN THE WRITINGS OF SPACE ENTHUSIASTS AND ASTRONOMERS IN THE MID-20TH CENTURY, THE TELESCOPE THAT WOULD ULTIMATELY BECOME HUBBLE HAD A LENGTHY GESTATION AND A TROUBLED BIRTH. IN THE EMBARRASSING AFTERMATH OF ITS LAUNCH, FEW WOULD HAVE BELIEVED THAT NASA’S ‘WHITE ELEPHANT’ OBSERVATORY WOULD ULTIMATELY BECOME A STANDARD-BEARER FOR THE ACHIEVEMENTS OF MODERN SCIENCE AND TECHNOLOGY.
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Origins


The idea of putting a telescope into orbit above Earth pre-dates the space age itself. As early as 1923, spaceflight advocate Hermann Oberth (whose books had a huge influence on a generation of rocket enthusiasts) pointed out that a powerful rocket could be used to put a telescope above Earth’s atmosphere. However, it took the tireless work of another man, US physicist Lyman Spitzer, to make the space telescope a reality.


In 1946, Spitzer wrote a brief report for the RAND Corporation (an influential US research and development thinktank) entitled ‘Astronomical Advantages of an Extra-Terrestrial Observatory’. In it, he outlined a range of scientific puzzles that telescopes located beyond Earth’s atmosphere would be able to solve. An optical observatory, he argued, would have two big advantages – its view would not be blurred by the turbulence of Earth’s constantly moving air (something that affects even mountaintop telescopes located above most of the atmosphere), and it would be able to detect wavelengths of radiation that are completely absorbed on their way through the atmosphere.


Earth’s atmosphere is in a constant state of motion, as convection currents cause warm air to rise from the surface and travel high into the colder upper atmosphere before shedding their excess heat. What’s more, various gases and vapours in the atmosphere tend to absorb specific wavelengths of radiation, preventing them from reaching the ground. In general, this is a good thing for life on Earth – many of the radiations blocked out by the atmosphere are extremely harmful to living organisms – but for astronomers, the blanketing effect is somewhat annoying. Astronomical objects emit a whole range of radiations aside from the visible light and radio waves that make it through the atmosphere, and it’s hard to piece together a complete understanding of various celestial phenomena without understanding the full range of their emissions. Shortly after World War II, primitive radiation detectors were launched on brief flights above the atmosphere aboard captured German V-2 rockets, proving that space was full of ultraviolet radiation, X-rays and gamma rays.


Spitzer’s report remained classified for several years, and even when he began to publicise his ideas in the wider astronomical community, there were many sceptics. However, criticism of Spitzer’s proposal was generally more to do with the practical problems of gaining access to space than the perceived benefits of a space telescope themselves, and when the Space Age began in earnest during the late 1950s, many of these objections disappeared. In 1962, the US National Academy of Sciences gave its backing to the development of a large space telescope, and in 1965, the Academy established a committee to outline the specifications of such an instrument, with Spitzer at its head.


Astronomy from space


Meanwhile, the launch of the first small astronomical satellites began to bolster the case for a large optical telescope. NASA’s Orbiting Solar Observatory, launched in 1962, studied the Sun in detail at ultraviolet, X-ray and gamma-ray wavelengths, and OAO-2 (Orbiting Astronomical Observatory 2) made groundbreaking observations of stars and galaxies in ultraviolet from 1968.


That same year, NASA announced its plans for an instrument called the Large Space Telescope (LST). Intended for launch in 1979, the LST would be a 3-metre reflecting telescope, designed for a long operational lifetime with occasional visits by astronauts to carry out maintenances and upgrades.


But despite these promising early plans, the telescope’s development was far from smooth. In the aftermath of the successful Apollo moon landings, NASA found itself a target for widespread budget cuts, and the LST’s development stuttered as its funding became increasingly unreliable.


A crisis came in 1974 when the US Congress cut funding completely, and it was only through a huge lobbying effort by astronomers that the project was reinstated by the Senate, albeit with half its original budget.


The cuts required number of changes to the LST plans – the main mirror was reduced from 3 metres to 2.4 metres in diameter, shrinking the overall size of the telescope considerably and making it more suitable for launch with NASAs reusable Space Shuttle (also in development through the 1970s). A 1.5-metre ‘testbed’ instrument was scrapped, and an agreement with the European Space Agency (ESA) helped bridge the funding gap, with ESA agreeing to develop the telescope’s solar panels and one of its initial instruments. However, all these delays and changes meant that work on the telescope did not begin in earnest until 1978, with a targeted launch date of 1983.


Off the drawing board


As with many complex space projects, the HST was a collaboration between several different organisations – NASA’s Marshall Space Flight Center took control of the general telescope design and construction, with the spacecraft being built by the Lockheed Corporation, and the complex mirrors being produced by the specialist optics company Perkin-Elmer.


The Goddard Space Flight Center, meanwhile, took control of the telescope’s instrumentation and the ground control side of the operation. The telescope was designed with four instrument modules positioned behind the mirror, each of which could be removed and replaced with new or upgraded instruments during Shuttle-based servicing missions. Data, meanwhile, would be beamed to and from the telescope via a new system of Tracking and Data Relay Satellites (TDRSs), which were an integral part of the Space Shuttle’s own communications systems. Day to day operation of the telescope would be conducted at the Space Telescope Science Institute, run by an international consortium and physically located on the campus of Johns Hopkins University in Baltimore, Maryland.


In 1983, NASA officially changed the LST’s name to the Hubble Space Telescope (HST), in honour of Edwin Hubble, one of the key figures in 20th-century astronomy. As we’ll see later, one of the HST’s main aims was to refine measurements made by Hubble as early as the 1920s, helping to settle some important questions about the origin of the Universe in the process.


Unfortunately, problems at Perkin-Elmer saw the schedule for the newly named HST begin to slip alarmingly.


Plans for a back-up mirror to be constructed by Kodak, and for complex cross-checking procedures to ensure optical accuracy, also fell victim to budget and time constraints – a decision that NASA would eventually have cause to regret. As concerns about the construction of the optics grew, plans for launch slipped back to 1984, 1985, and eventually late 1986. Finally, by early 1986, it seemed that an October launch was feasible. But then, on a cold, late January morning in Florida, fate intervened…
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Launch testing


Primary mirror


The completed HST (left) is hoisted upright for acoustic testing at Lockheed Martin prior to its 1990 launch. Such testing plays a vital role in checking that fragile parts of the spacecraft can withstand the shocks and vibrations of lift-off.


Engineers (above) inspect the HST’s 2.4-metre main mirror during the telescope’s construction in the mid-1980s. Note the magnified image formed in the mirror itself, and the cover over the central hole.


Edwin Hubble (1889-1953)


Hubble at the eyepiece of the 48 inch (120 cm) telescope at Mount Palomar in California.


His discoveries revolutionised our understanding of the scale and history of the Universe, and one of the HST’s project’s driving objectives


was to continue and clarify his work.


Lyman Spitzer (1914-1997)


Spitzer was an influential figure in many aspects of 20th century astrophysics. In addition to his vocal support for the idea of a space telescope, he made the first detailed study of the material between the stars – the gas and dust from which new stars were formed. It’s fitting that the infrared space telescope named in his honour (see p.14) specialised in looking at this ‘interstellar medium’.
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Anatomy of a telescope


Designing a high-precision telescope capable of enduring both the rigours of launch and the stresses of regular operations in the hostile environment of space presented the engineers at NASA’s Goddard Space Flight Center and the Lockheed Corporation with a unique challenge.


HUBBLE ESSENTIALS Launch date


April 24, 1990


Mass


11,110 kg (24,500 Ib)


Total length


13.3 m (43.5 ft) Solar array area 36 sq m (384 sq ft) * Primary mirror diameter 2.4 m (7 ft 10.5 in) Telescope focal length 57.6 m (189 ft) Secondary mirror diameter 0.3 m (12 in)


Total light-collecting area 4.5 sq m (48 sq ft)


* After SM 3B refit


The resulting instrument, 13.3 metres (43.5ft) long and weighing 11.1 tonnes (24,500lb), also had to be designed for deployment from the cargo bay of a NASA space shuttle, and occasional retrieval and repair by astronauts and the shuttle’s remote manipulator arm.


Fortunately, the ability to operate in a weightless environment freed the telescope of some design constraints – with no need for a cradle to support its weight and control its orientation, the HST could be designed as a simple cylindrical structure, with solar array ‘wings’, antennae and other additions attached to its exterior.


Hubble’s shell is made in three layers – a rigid inner framework of graphite and epoxy resin to hold the components in place, surrounded by a lightweight protective casing of aluminium, which is in turn wrapped in multi-layered insulation blankets to protect the telescope from the extreme temperature changes as it moves in and out of direct sunlight.


The HST’s front, slightly slimmer, cylindrical section contains the mirrors of the ‘Optical Telescope Assembly’ (OTA) itself. Like many modern telescopes, the HST is a ‘Cassegrain’ design. Parallel rays of light from distant objects enter the telescope’s tube through an aperture at one end, and are reflected off a curved ‘primary mirror’ some


2.4 metres across. This bounces them back to a smaller secondary mirror, mounted on a framework at the aperture end of the telescope. The secondary directs them back through a hole in the centre of the primary, creating a dinner-plate-sized image behind the mirror at the telescope’s focal plane. Both primary and secondary mirrors follow a precise mathematical curve known as a hyperbola, so that (unlike in some telescope designs), images are not distorted towards the edge of the focal plane.


The rear section of the telescope, meanwhile, consists of various instruments for recording and analysing the light gathered by the OTA. Each instrument can access light from the Focal Plane in order to perform simultaneous operations. Hubble’s five main instruments include the narrow, wedge-shaped wide-field camera mounted directly behind the focal plane, and four axial instrument modules, each about the size of a phone booth, that occupy the majority of the rear section.


Meanwhile, three Fine Guidance Sensors mounted around the edges of the plane form an integral part of the HST’s pointing system. These cameras lock onto features in the outer part of the telescope’s field of view and provide data to keep the telescope precisely aligned with its target. Actual adjustments to the telescope’s orientation are made using four Reaction Wheel Assemblies – weighted wheels that the telescope can spin clockwise or anticlockwise, producing a ‘reaction’ against this motion that slowly moves the entire telescope the other way. Six gyroscope units, meanwhile, act like compasses would on Earth, keeping constant track of the telescope’s overall orientation.


The rear of the telescope also contains Hubble’s central computers, the twin Science Instrument Command & Data Handling (SI C&DH) units and the Data Management Unit (DMU) and the other systems that provide it with power and communications. Electricity is generated by two wing-like solar panels that extend on either side of the main satellite body and pivot to catch the largest possible amount of sunlight. These panels together generate the 2,800 watts of power needed to power the satellite and its instruments, with power stored in six Nickel-Hydrogen batteries (equivalent to 20 typical car batteries), and allocated through the Power Distribution Unit.


Communications with Earth, meanwhile, are handled by a pair of ‘low-gain’ antennae mounted on the rear of the telescope, and two ‘high-gain’ dish antennae that extend from above and below the main cylinder. The low-gain antennae have a limited data rate and are generally reserved for emergency communications, while the high-gain antennae are responsible for day-to-day transmissions to and from the telescope, including general satellite maintenance, observing instructions and of course the all-important astronomical data. Because Hubble orbits the Earth in about 97 minutes, tracking it directly from the ground is near-impossible – instead signals are routed from Earth to the HST and back through NASA’s system of Tracking and Data Relay Satellites – a series of communications satellites designed specifically for spacecraft communications, which circle the Earth in a ‘geostationary’ orbit 35,786 km (22,236 miles) above the equator, in an orbit where they remain ‘fixed’ in the sky as seen from Earth.


Aft protective shroud


Low gain antennae (not shown) are mounted on rear of telescope
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Multi-layered insulation protects telescope from temperature changes


Tube design prevents stray light from entering the telescope tube


Primary mirror collects light entering telescope and reflects it towards secondary


Axial modules contain other scientific instruments and COSTAR


Aperture door protects optics during launch and in case of steering failures


Reaction wheel assembly spins to control direction of telescope


Mounting point for high gain antenna (not shown)


Secondary mirror reflects light towards instruments


Hand grips for use by astronauts during servicing missions


Radial instrument modules for Fine Guidance Sensors and Wide-Field Cameras


Solar arrays of photovoltaic cells generate around 2800 watts
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Great Observatories


From the 1960s onwards, as increasingly sophisticated but relatively small orbital telescopes began to reveal the sky’s invisible radiations, it became clear that the only way


to really understand a lot of celestial objects was by observing them in many different ‘wavelengths’ of light at more or less the same time. Eventually in the 1980s, NASA drew together plans for four ambitious space telescopes under the Great Observatories program, with the Hubble Space Telescope as its centrepiece.


Visible light is just the most familiar form of a natural phenomenon called electromagnetic radiation. Light consists of electrical and magnetic disturbances or ‘fields’ travelling through space – the changing magnetic field reinforces the electrical field (rather like a dynamo), and the electric field reinforces the magnetic field (rather like an electric motor). When the waves interact with cells in a human eye, they trigger nerve impulses that we interpret as an image of the outside world.


Electromagnetic waves are the fastest-moving things in the Universe – they move, quite literally, at the speed of light (roughly 300,000 kilometres a second). But they have other properties too, notably wavelength and frequency. Wavelength is simply the distance between two successive peaks or troughs in the wave pattern, while frequency is the rate at which these peaks or troughs move past a specific point. Because the speed of light (at least in a vacuum) is fixed, high-frequency waves must have short wavelengths, and low-frequency ones must have longer wavelengths. The wavelengths of visible light range from around 390 nanometres (billionths of a metre) to 750 nm, and our eyes interpret these different wavelengths as colours ranging from violet (at the short-wavelength end) to red (at the long-wavelength extreme). As early as the 1670s, Isaac Newton used a prism to split a beam of light from the Sun according to its wavelengths, revealing that its apparently white colour is in fact a blend of all the colours of the rainbow. But there’s no physical limit to the potential wavelengths and frequencies an electromagnetic wave may have – the main reason our eyes are only sensitive to the comparatively narrow wavelength range of visible light is that these are the only ones that make it through the Earth’s atmosphere without being absorbed, and are therefore the most useful for vision.


Beyond the visible


In 1800, astronomer William Herschel found that sunlight contains large amounts of radiation, with longer wavelengths and lower frequencies than visible light, that is mainly detectable through the heat it produces. This ‘infrared’ heat radiation is matched on the other side of the visible spectrum by ‘ultraviolet’. Later in the 19th century, physicists discovered still more forms of radiation – radio waves with longer wavelengths than infrared, and X-rays and gamma rays with shorter wavelengths.


Different types of object and different processes release different types of radiation – for instance warm objects that are still too cold to glow in visible light still produce infrared, extremely hot objects create ultraviolet rays, and high-energy subatomic processes produce x-rays and gamma rays. A similar progression can be seen even in visible light – a heated metal bar passes through red, yellow, white, and finally blue heat.


However, another important factor, especially for astronomers, was that many types of radiation do not travel far through Earth’s atmosphere without being absorbed. In fact, only visible light, some wavelengths of the ‘near infrared’ and some radio waves make it through unscathed. As early as the 1930s, Earth-based radio antennae revealed that the heavens were aglow with mysterious radio waves from distant sources, but it was only the ability to launch rocket-borne detectors from the late 1940s onward that confirmed what astronomers had long suspected – the sky is alive with all kinds of radiation.


Extraterrestrial radio sources include huge glowing clouds and flashing cosmic lighthouses called pulsars. Infant stars and the nebulae from which they form emit much of their radiation in the infrared. The hottest stars are even more brilliant in the ultraviolet, while x-ray sources are thought to include superhot environments including those around black holes. The sources of the most powerful gamma rays, meanwhile, remain poorly understood, though they probably involve the deaths of massive stars.


Three companions


In order to investigate these extraterrestrial radiations in more detail, detectors were put into orbit from the 1960s onward. Since then, there have been many advances, and the Great Observatories launched in the 1990s represent the state of the art at the time.


The Compton Gamma-Ray Observatory (CGRO) was launched just 11 months after the HST. The heaviest astronomical satellite ever launched at that time, until it incorporated a range of different instruments to detect high-energy gamma rays from across the sky. These rays present unique challenges since they will pass through most materials unscathed, and so they are impossible to focus with mirrors or other reflecting surfaces. In order to identify gamma ray sources, the CGRO relied on radiation detectors similar in principle to a Geiger counter, and heavy shielding to block out rays from all of the sky except for the area being scanned at a particular time. The CGRO produced a huge range of detailed observations over nine years, but when its guidance systems began to fail in 2000, NASA deliberately de-orbited the satellite while it was still under control, crashing it into the Pacific Ocean.


The Chandra X-ray Observatory, launched in July 1999, also faces unique challenges. While X-rays are not as powerful as gamma rays, they will still pass straight through traditional mirrors. In order to deflect rays to a focus, then, Chandra uses a series of ‘nested’ mirrors that resemble sections of a tapering cone. Incoming X-rays ricochet off these shallow reflectors, where they would pass right through a more sharply angled surface.


The Spitzer Space Telescope, meanwhile, has had to overcome its own very different problems. The infrared signals it is designed to study are so weak that they are easily drowned out, even by the warmth of the satellite itself, so the telescope must be heavily shielded and chilled to extremely low temperatures using liquid helium. However, because the coolant gradually evaporates and escapes into space, this puts a limit on the operating lifetime of an infrared observatory. Spitzer, launched in August 2003, exhausted its coolant in May 2009, but continues to operate in ‘warm’ mode.


Images from these three telescopes, in particular, are designed for study alongside Hubble’s own observations, and are used throughout this book to supplement the HST’s pictures.
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Hidden secrets NGC 4258


A combination of X-ray, optical and Spitzer’s infrared views of the galaxy NGC 4528 (below) reveals two otherwise invisible spiral arms (blue) – regions of superheated gas formed as shockwaves emerge from the galaxy’s core.


Blowing bubbles NGC 604


A Chandra image (above) reveals bubbles of hot, X-ray-emitting gas surrounding newborn stars in NGC 604, a star-forming region in nearby galaxy M33.


Gamma-ray sky


Launching Compton


The Space Shuttle’s robot arm (left) manoeuvres the huge CGRO satellite out of Atlantis’s cargo bay during deployment in April 1991.


An all-sky map (above) compiled from observations of Compton’s EGRET instrument reveals the sources of the high energy gamma rays – hot gas in the plane of the Milky Way and concentrated blasts from distant pulsars (see p.136)


High-energy telescope


This artist’s impression of the Chandra X-ray Observatory (far left) shows the telescope’s light-gathering aperture – a series of concentric openings that lead to the conical reflectors within.


Cool observer


An artist’s impression of the Spitzer Space Telescope (left), designed to operate at temperatures just 4 ºC (8 ºF) above absolute zero, against a background map of the infrared sky.
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INTOORBIT Mission STS-31 Shuttle orbiter Discovery Shuttle crew 5 Commander Loren J. Shriver Launch 24 April 1989 Landing 29 April 1989


Main objectives Deploy HST and two TDRS


antennae


Into Orbit


On 28 January 1986, the Space Shuttle Challenger exploded, just moments after launch from Cape Canaveral, with the loss of all seven astronauts on board. The repercussions would delay the HST’s launch by years, and ultimately leave the telescope’s entire future in limbo.


The immediate cause of the Challenger disaster was soon traced – a faulty seal on one of the Shuttle’s Solid Rocket Boosters had allowed a jet of high- temperature rocket exhaust to burn through a supporting strut, triggering a catastrophic collision between the Shuttle orbiter and its main fuel tank. However, the ensuing investigation revealed major failings in NASA’s safety procedures, and left the entire manned spaceflight program suspended for two and a half years while improvements were made.


The delay was something of a mixed blessing for the HST team – while the spacecraft itself had to be kept in a ‘clean room’ at great cost, the engineers took the opportunity to carry out extensive tests, swap out potentially faulty components, and improve the satellite’s ground-control software.


But even when Shuttle flights resumed in September 1988, the HST had to wait for its turn in the queue of delayed launches – in particular there were Shuttle-launched space probes that took higher priority in order to meet specific ‘launch windows’ for their flightpaths to other worlds. Finally, the HST’s launch was scheduled for mission STS-31, a mission using the Discovery orbiter. Even then, Hubble’s journey to orbit was not entirely smooth – an equipment failure on the Shuttle itself saw the launch put back a fortnight from 10 April. Eventually, Discovery lifted off the pad at 8.33 a.m. Eastern Daylight Time on 24 April 1989. On board were five astronauts – commander Loren J. Shriver, pilot Charles Bolden, and mission specialists Bruce McCandless, Steven Hawley and Kathryn D. Sullivan.


Releasing Hubble


In order to deploy the HST at the highest possible altitude (for clarity of vision, but also to avoid atmospheric drag on the spacecraft), Discovery pushed the limits of the Shuttle system’s capabilities, entering a slightly elliptical orbit around Earth, between 585 and 615 km up.


Deployment of the telescope took place on the first full day in space, as Hawley used Discovery’s robot arm to lift the 12-tonne telescope out of the cargo bay and rotate it for a clear view of the on-board cameras. Part of this procedure unavoidably severed the power connection from the Shuttle, leaving Hubble running on its emergency batteries, so the next critical step was to unfurl the telecope’s two large solar panels. The first opened without a hitch, but the second hit problems thanks to an over-sensitive safety cut-out that repeatedly stopped the motor. Sullivan and McCandless were on standby for an emergency spacewalk if necessary, but once the astronauts had visually confirmed there was no problem with the solar array itself, the safety cut-out was overridden and the HST’s second ‘wing’ opened perfectly.


The next step was to deploy the two TDRS antennae that would give the telescope its independent contact with Earth – once this was done, Discovery set Hubble free and retreated to a distance of 60 km, where the crew continued their mission while the telescope’s controllers at Goddard Space Flight Center ran through various checks and start-up procedures. The final stage was to open Hubble’s aperture cover and allow starlight to enter the system for the first time.


Troubled vision


When Discovery returned to Earth on 29 April, its mission was hailed as a great success – but the astronomers and engineers behind Hubble were in for a nasty surprise. As they gradually powered up and tested its various systems over the following weeks, it became clear that something was horribly wrong – the HST’s optics were underperforming badly, and producing blurred images that were little better than those from the best ground-based telescopes of the time. For a project whose costs had spiralled from an initially budged $400 million to something like $2.5 billion before launch, it was unacceptable, and a severe embarrassment for the troubled space agency. The fault was soon traced to a fault in the HST’s primary mirror. While the computer-controlled ‘figuring’ machines had ground and shaped the mirror to a precision of within 10 nanometres (billions of a metre), they had ground it into the wrong shape – the mirror’s ‘hyperbolic’ curved surface was too flat at the edge by 2.2 microns (millions of a metre). The resulting ‘smearing’ of light resulted in blurred images and the loss of precious light from faint objects – only the telescope’s spectroscope functions were relatively unscathed.


Another inquiry was convened, and the cause of the problem was traced back to a faulty testing rig at Perkin-Elmer. Ironically, backup tests with other equipment had correctly identified the problem during manufacture, but the technicians were so confident of their main testing rig that they assumed the backup tests were at fault.


But while the press mocked Hubble as a ‘white elephant’, and astronomers used image processing techniques to make the best of the telescope’s blurred images, there was hope on the horizon. The telescope had always been designed with regular servicing missions in mind, and the first of these was already scheduled for 1993. The question was – could the flaw be repaired, and if so, how?


Replacing the entire mirror in orbit was impractical for a number of reasons, and returning the telescope to Earth for a refit would be costly, time consuming, and add even more to the agency’s embarrassment. The ideal solution was some kind of on-orbit repair that would get the telescope up and running with a minimum of effort and the best possible results.


Fortunately, the saving grace of the original flaw was that, while the mirror’s shape was inaccurate, it was at least precisely inaccurate – its predictable behaviour made it possible to design an optical ‘box of tricks’ that would correct the paths of the light beams it gathered, and create a crystal clear image. The modular nature of the HST’s instrumentation would also allow such a solution to be fitted – in theory, it was ‘just’ a matter of removing one of the four initial instruments and replacing it with the corrective optics package. But in spaceflight, very little is as simple as it first appears, and the mission to fix Hubble was to be one of the most challenging ever undertaken.
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Letting go


Hubble hangs in orbit above the Shuttle cargo bay moments after its release (right).


Note the pristine solar panels and the still-closed sunshield.


Lift-off


Discovery rises into the Florida sky (below) on a pillar of flame, carrying the dreams of a generation of astronomers with it. The 1990 launch was a rare occasion that saw a shuttle on each pad at Cape Canaveral at the same time.


Ready for launch


Discovery’s robot arm prepares to lift the HST out of the shuttle on 25 April (above) – the mission carried a high-resolution IMAX movie camera to record every moment of the launch.
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OUR SOLAR SYSTEM IN PERSPECTIVE


THE PLANETS, MOONS AND SMALLER OBJECTS OF OUR SOLAR SYSTEM ARE THE CLOSEST OBJECTS TO EARTH, YET STILL SOME OF THE MOST MYSTERIOUS. BUT WHILE VISITING ROBOT PROBES HAVE GIVEN US OUR FIRST CLOSE-UP GLIMPSES OF THESE ALIEN WORLDS, THE LIMITED DURATION OF SUCH MISSIONS OFTEN LEAVES US WITH MORE QUESTIONS THAN ANSWERS. IN THIS CONTEXT, HUBBLE OBSERVATIONS THAT CAN RIVAL THOSE OF MANY EARLY SPACEPROBES PLAY A VITAL ROLE IN HELPING TO FILL GAPS IN OUR KNOWLEDGE.
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Introducing the Inner Solar System


Our solar system consists of the Sun and all the objects that orbit it, ranging in size from enormous planets tens of thousands of kilometres across, to tiny fragments of rock and ice and even particles of dust. Its total diameter is around two light years across, but there are several distinct zones, and the ‘inner solar system’ in which the Earth, Moon, and other rocky planets orbit, occupies a tiny region near the centre.


Much of our everyday experience – indeed the very existence of life on Earth – is determined by the relationships of just three astronomical bodies – the Earth, Sun and Moon.


Our home planet is the third in order from the Sun, circling it at an average distance of 150 million km (93 million miles) once every 365.25 days. Because our planet is spinning on its axis, the entire sky appears to rotate around us roughly once a day, and because we are in turn circling around the Sun, our local star appears to make a full circuit around the so-called ‘celestial sphere’, moving from west to east against the unmoving background of fixed stars. And because Earth’s polar axis is tilted at roughly 23 degrees from the vertical, different hemispheres are exposed to varying amounts of sun throughout the year, creating the cycle of seasons.


The Sun is an enormous ball of exploding gas – a star powered by energy released in nuclear fusion at its core. Every second, it gives off enough energy to meet the world’s current energy needs for 900,000 years. Its great mass creates a gravitational field that holds objects in its orbit around it out to around a light year (9.5 trillion km or 5.9 million million miles) away, while its boiling surface, at an average temperature of 5,500ºC (9,900ºF) blows a constant storm of high energy particles out across the solar system. The visible surface of the Sun is really the equivalent of a wall of fog, within which the Sun becomes opaque – its diameter is 1.39 million km (865,000 miles), but the outer layers of the Sun’s atmosphere extend out much further into space.


Earth’s Moon is tiny in comparison, and only makes its presence felt because of its proximity to Earth (a mere 400,000 km or 250,000 miles away). Satellite and planet are locked in a complex tidal relationship that causes Earth’s oceans to rise and fall beneath the watchful Moon, and creates cycles that affect life on Earth even beyond the seas.


Nearby worlds


Beyond the Earth–Moon system, the worlds of the inner solar system are our nearest neighbours in space, and so one might think that the Hubble Telescope would be uniquely equipped to reveal their secrets. But the reality is rather different – each planet presents its own challenge, and only in the case of Mars has the HST truly made an impact on our understanding.


There are four Earth-like or ‘terrestrial’ planets in the inner solar system, orbiting in roughly the same flat plane with distances between 46 million and 249 million km (29 million and 155 million miles) from the Sun. In order from the Sun they are the fast-moving, tiny Mercury, the nearly Earth-sized Venus, Earth itself, and the red planet Mars, intermediate in size between Earth and Mercury.


The main feature that these worlds have in common is their composition – a mix of rocky minerals and elements such as iron. Venus, Earth and Mars have a thin shell of gas surrounding them to create an atmosphere, while Earth also has liquid water on its surface. In contrast, the huge worlds of the outer solar system are almost all liquid and gas, with any solid surface buried deep below their visible cloud tops.
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The reason for this difference lies in the original composition of the ‘solar nebula’, a ring of material left behind after the formation of the Sun, out of which the planets were themselves created about 4.6 billion years ago. Close to the Sun, this nebula was filled with dense, dusty particles with high melting points, capable of surviving the heat. Further out, gases and volatile frozen chemicals with low melting points (‘ices’) dominated.


Over millions of years, the small particles coalesced and stuck together. At first, they grew through random collisions, but eventually some became large enough to drag material in through the pull of their own gravity. These larger bodies, called ‘planetesimals’, effectively vacuumed up the debris from their surroundings, until just a few dozen such worlds remained, which then collided and coalesced to form the modern-day planets.


Patterns among planets


The effects of this turbulent period are still clear today – the larger a planet grew and the more collisions it underwent, the hotter its interior became. Heat inside the rocky planets churned their interiors up, allowing them to separate into layers of different materials according to their density. As a result, all the rocky planets have metallic cores dominated by the elements iron and nickel, surrounded by an intermediate layer or mantle of comparatively dense minerals, and topped by a thin crust of lightweight minerals such as silicates.


The smaller a planet is, the less heat it will have had to start with, and the faster it tends to cool down. The overlying layers of solid rock tend to trap heat as it tried to escape from below, and energy from radioactive elements in the rocks can help to keep the interior warm, but their influence also depends on the overall amount of material within each world. As the heat escapes, it triggers volcanic activity that reshapes each planet’s surface. In the case of Mercury (and Earth’s Moon), this activity came to an end billions of years ago. On Venus and Mars it continued until quite recently, and there may still be occasional outbursts (though we’ve yet to see one happening). And on Earth, the internal heat still drives our planet’s complex geology, helping to break the planet’s surface into drifting plates with volcano-prone boundaries. While size and internal heat are far from the only factors influencing the current state of the rocky planets, they do provide a useful ‘rule of thumb’ for understanding these very different worlds.


Inner worlds


A schematic diagram shows the worlds of the inner solar system – Mercury, Venus, Earth and Mars – ringed by the asteroid belt.


For simplicity, interplanetary scales are generally measured in astronomical units (AU), with 1AU equivalent to the average Earth-Sun distance of 150 million km (93 million miles). Mercury’s eccentric orbit varies between 0.31 and 0.47 AU from the Sun, and the planet completes one circuit every 88 days. Venus has a near-circular orbit at a distance of 0.73 AU and orbits in 225 days, while Earth, of course, orbits the Sun in 365 days at a distance of 1 AU. The orbit of Mars is also noticeably elliptical – the red planet orbits between 1.38 and 1.67 AU from the Sun, in 687 days.
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