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The small open star cluster Pismis 24 lies in the core of the large emission nebula NGC 6357 in Scorpius, about 8,000 light years away from Earth. Captured by the Hubble Space Telescope, 2006.


FOREWORD

Contemplating the Universe is exhilarating and terrifying in equal measure. Nobody, professional scientist or otherwise, understands how to internalise the fact that we exist – alone, as far as we can tell – in a void illuminated by 2 trillion galaxies. Perhaps that’s why, as I say in my introduction to the television series on which this book is based, there is a sense of relief that rises with the dawn. The brightening sky hides the stars and the questions they pose. What questions? Questions that run the risk of sounding naive because they are profound. Questions, perhaps, that we feel we should not ask in educated company.

Wonder is unfashionable amongst fashionable cynics. How did the Universe begin? How will it end? What is the meaning of it all? Are these questions childlike? Maybe. Childish? Certainly not. The first two questions are eminently askable because they fall comfortably within the domain of science. That’s not to say we are able to answer them, but the study of the origin and fate of the Universe is the province of cosmology, the foundation of which is Einstein’s Theory of General Relativity, published in 1915. For 100 years we have possessed a scientific theory that forces us to contemplate the beginning of time, supported by a century of astronomical observations. We live, certainly, in an expanding universe. The distances between the galaxies are increasing today, and that implies that in the past the galaxies were closer together. If we run the equations backwards, we find that everything was very close together 13.8 billion years ago, and we call that moment the Big Bang. We have even detected the afterglow of the Big Bang as ancient light known as the Cosmic Microwave Background Radiation. In the old days, I’d tell you that it formed part of the static fuzz on a detuned TV set and you could have watched the ghosts of creation dance for yourself.

We know, therefore, that the Universe has not always been like the one we observe today in our cosmic neighbourhood: old, cold, almost empty, save for occasional islands of light scattered as snowflakes on the wind. Long ago, it was hot and dense and highly energetic, and out of those fires we emerged.
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The rocket carrying NASA’s Mars 2020 Perseverance rover launched in July 2020, ushering in a new era of exploration.
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The International Space Station is an example of the very best of humanity; collaboration in the name of progress and discovery.

The story of our emergence is written today not in ancient texts but in textbooks, because we have observed it rather than invented it. The way to understand nature is to look at it. Inside our supercomputers we build simulated universes and watch as great lanes of dark matter condense as morning dew on a spider’s web in patterns laid down by sub-atomic-scale fluctuations when our universe was far less than a billionth of a second old. We see stars and galaxies form around the scaffolding of the web and planets condense from the leftovers. On our planet we have seen active geology encourage carbon atoms to form into long-chain molecules that encode information, and we understand in broad scope how evolution by natural selection allowed those molecules to write symphonies.

This series was filmed in unprecedented times, during a global pandemic predicted by science and ultimately alleviated by science. I think the experience shaped the series and made it more philosophical and perhaps more polemical. After all, the reliable knowledge upon which our understanding of genetics and viruses and vaccines rests was not acquired by fashionable cynics but by people driven by wonder. The foundations of that wonder lie amongst the stars because astronomy is the oldest science, and therefore a heartfelt celebration of astronomy feels both apposite and necessary. Today, the questions posed by the heavens still stretch the human mind beyond its capabilities, and without such challenges to our insular vanity there will be no progress. From the greatest of galaxies to the supermassive black holes at their heart, the sky is populated by natural objects we don’t yet understand, and that’s why the sky is so valuable a resource. Who knows where the new knowledge will take us, but long experience tells us it will lead to something wonderful.

I hope you enjoy the series and the book and, perhaps, are motivated to look upwards into the night not in terror at the infinite spaces but in exhilaration at the infinite wonder. What is the meaning of it all? I don’t know, but we won’t find the answer by looking inwards. We’ll find it by lifting our gaze above the horizon and outwards into the Universe beyond. We used to look to the sky and see only questions. Now, we are beginning to see answers.

Professor Brian Cox, 2021
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This giant red nebula (NGC 2014) and its smaller blue neighbour (NGC 2020) are part of a vast star-forming region in the Large Magellanic Cloud. Captured by the Hubble Space Telescope, 2020.
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ALIEN WORLDS

‘Where is everyone?’

Enrico Fermi
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The Lonely Walk Home

There is no grander question than ‘are we alone?’ The implications of this are immense and endlessly unnerving and perhaps summarised best by the quote attributed to Arthur C. Clarke: ‘Two possibilities exist: either we are alone in the Universe or we are not. Both are equally terrifying.’

In the last 40 years we have made the first tentative steps to answering this terrifying question. Yet the answer will not lie in great galactic structures, or among the bright and massive stars that light the night sky; instead it’ll be found on the tiniest of objects in the Universe. Things that together make up less than 1 per cent of the Universe’s mass: planets.

We now know our own galaxy and almost certainly every galaxy in the Universe is full of alien worlds. The discovery of these worlds has not yet led us to be on the verge of meeting another advanced civilisation, but it has allowed us to explore worlds with an endless variety of characteristics and so paint the possibilities of life onto an infinite array of settings. Planets are the Universe’s chemistry sets. A place where the elements of the cosmos can come together, all squished up against each other in the right state and with a ready supply of energy, poised to make something new, to trigger the cascade of chemical reactions that ultimately make and run life. Although in cosmic terms planets are tiny or insignificant (as some of the smallest objects in the Universe), they are also unique and special – they are the only place where meaning can arise.

Across the history of human civilisation, we have spent a surprising amount of time believing that we share the Universe with other beings and not just existing in an infinite expanse of isolation. Around 2,500 years ago, Greek philosophers such as Democritus and Epicurus looked up into the night sky and imagined an infinite universe populated with an infinite number of worlds. It was a view that would be shared by many, including a long line of medieval Muslim scholars such as Fakhr al-Din al-Razi, who argued for the existence of a universe filled with ‘a thousand, thousand worlds beyond this world’.
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Ancient philosophers including Democritus (top) and Fakhr al-Din al-Razi (his work above) imagined a universe of infinite worlds.
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Medieval illustration of the Ptolemaic system known as the geocentric model, which suggested that the Earth is the centre of the Universe.
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Renaissance astronomer Nicolaus Copernicus broke away from the idea of the Earth being at the centre of the Universe, proposing the Sun in its place.

But ultimately this expansive outlook was overridden by the Earth-centric view of the Universe that came to dominate at least Western thought for well over 1,500 years. It wasn’t until Copernicus broke out of our bubble of self-importance and opened our eyes to a cosmos that wasn’t simply constructed around us that we began to accept the inevitable consequence of an infinite universe. Slowly but surely, from the middle of the last millennium, great thinkers began to share in private and occasionally in public a belief in the existence of worlds beyond our own. Such thoughts were not without significant dangers, with the scientific revolution never bubbling far away from accusations of heresy. Perhaps most famously, Giordano Bruno, the Italian friar and cosmologist, was burnt at the stake with his tongue pinioned – in part to prevent him from repeating his heretical belief that the Universe is infinite and filled with an infinite number of habitable worlds.

Slowly, as astronomy advanced our knowledge of the Universe, the ‘ever-receding horizon’ brought with it an expanding acceptance of our place in a universe filled with planets and, potentially, life. As the age of enlightenment filled our minds and imaginations with the knowledge of a universe bursting with wonders, the plurality of worlds became a commonplace belief amongst the intellectual classes of Europe. William Herschel, Benjamin Franklin and Camille Flammarion are just a few of the esteemed names from the eighteenth and nineteenth centuries who argued for a multi-world universe. (Flammarion was particularly influential in the arguments he made, both as a scientist and as an author of some of the earliest science-fiction stories – stories that painted vivid pictures of exotic worlds with sentient planets and aliens.)

‘Innumerable celestial bodies, stars, globes, suns and Earths may be sensibly perceived therein by us and an infinite number of them may be inferred by our own reason.’

Giordano Bruno, De l’infinito, Universo e Mondi (1584)
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Woodcut from Giordano Bruno’s last work, On the Composition of Images, Signs and Ideas (1591) in which he put forward some of his ‘heretical’ ideas.
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The 1960s saw the first manned space missions; James A. McDivitt was the command pilot for Gemini 4, launched 3 June 1965.
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Mariner 4 passed Mars at a distance of 6,118 miles, while recording and transmitting our first close-up images of the planet.

[image: Image]

Solar panels designed for the Mariner 4 spacecraft set in flight configuration before being mounted.
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Mariner 4 took this image at a distance of 12,600km from Mars in 1965, revealing the planet’s heavily cratered surface.
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Launch of NASA’s Mariner 4 on 28 November 1964. The spacecraft’s mission lasted 3 years in total.
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An example of Camille Flammarion’s otherworldly woodcuts, 1884.

‘It may just be that life as we know it – with its humanity – is more unique than many have thought.’

President Lyndon Johnson

It seemed the more we looked up into the skies above us, the more evidence we found to support the existence of our cosmic neighbours. So much so that by the beginning of the twentieth century we gazed at our nearest neighbouring planet, Mars, with a collective belief that there were canal systems built across the red planet by a Martian civilisation. Sometimes seeing more can actually make you see less, and although the telescopes we trained on the red planet became increasingly powerful, our interpretation of the images they provided began to drift further towards hope than reason. This would all change, though, with the direct exploration of our own back yard that began through the latter half of the twentieth century. For the first time in human history we would not be just looking up and wondering about the alien worlds above us, we would actually be seeing in close-up detail the surfaces of planets such as Mars and Venus.

With the launch of the Mariner 4 spacecraft on 28 November 1964, we were at last bound for Mars, with the overriding expectation that we would discover a planet not too unlike our own. After eight months of navigating by the stars and travelling further than any human object in history, Mariner finally reached its destination. Powering up its cameras to record the first ever images of another planet, back on Earth we waited for those precious images to emerge.

But as the raw data beamed back across more than 200 million kilometres of space and slowly transformed into that first image of the Martian landscape, hope of finding a habitable world faded.

Mariner 4 looked down onto a planet without a drop of water on its surface, and with little or no atmosphere, revealing a barren, cold and dead world. Life on Mars had been the subject of huge speculation and science-fiction stories for decades, yet Mariner 4 had found none. Our first planetary visit had shattered our understanding of what a planet could be and with it the notion of our own place in the Universe.

Over the last few decades we have explored our own solar system in ever more detail, with the discovery of life at the forefront of many of these missions. We have visited all of the planets and many of the moons that held some glimmer of biological hope, but over and over again our robotic explorers have found worlds devoid of the life we dreamt of finding. There are no advanced civilisations, animals or plants on any of our neighbouring worlds. Instead, our only remaining hope is that they may host life in its simplest forms, tiny single-celled bacteria, hidden in the warmth of oceans or beneath an icy landscape.

For much of the second half of the twentieth century we looked out into a void, the myopia of our scientific knowledge convincing us that we were once again alone. With no ability to look beyond the seven other planets and multiple moons of our own solar system, we mixed up the unknown with the unknowing. The bright glare of the stars blinded us from seeing what else might be out there, a darkness shrouded with mystery. But since then a revolution has occurred; a journey of discovery that has exposed the darkness and transformed our understanding of what lies in the shadows. From an empty void to a cosmos crowded with worlds, each is a new place in which to look for alien life.
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The Arecibo Telescope, in a natural crater in Puerto Rico, examined planets, asteroids and the Earth’s upper atmosphere.

A New World Order

Anatomy of a Pulsar

Neutron stars, with their powerful magnetic fields, can rotate very quickly, accelerating charged particles by the magnetic field and releasing radiation from the poles. This sends two photon beams across the sky, detected as pulses on Earth.
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One of the first images of an exoplanet (red) orbiting a brown dwarf star (white). The star, called 2M1207, is around 170 light years away.

For humankind, the Universe became a very different place on 9 January 1992. For decades astronomers had been developing techniques to detect a planet orbiting a star outside of our own solar system, but despite a smattering of claims that emerged from the 1950s onwards, none of them stood up to scrutiny. We had assumed there must be planets out there, but we had no way of proving the hunch. But that was all about to change with a discovery that was made around one of the strangest types of star in the night sky.

Neutron stars are formed when a giant star explodes in a supernova but then collapses back in on itself. If the star is big enough a black hole can form, but sometimes the core doesn’t totally collapse and instead it creates an incredibly dense object known as a neutron star. One such neutron star is PSR B1257+12, also known by the name Lich (an Old English word, meaning corpse), which was discovered in 1990 using the Arecibo Telescope. This tiny object has a radius of just 10 kilometres but a mass that is equivalent to almost one and a half times that of the Sun and a scorching surface temperature of 28,582 degrees Celsius. But that’s not the end of the strangeness of this incredible object; PSR B1257+12 is a particular type of neutron star called a pulsar, a highly magnetised type of neutron star that spins at an incredible rate (9,659 rotations a minute in the case of PSR B1257+12) and in so doing emits a pulsating beam of electromagnetic radiation from out of its poles. Here on Earth that means we can observe these incredibly powerful and predictable pulses and precisely measure the interval between them.

Since they were first discovered by Jocelyn Bell Burnell and Antony Hewish in 1967, these galactic clocks have become extremely useful objects in helping astronomers explore a wide range of theories, from the interstellar medium to gravity waves, all by measuring disturbances to the rhythmic pulse.

Back in the early nineties, as astronomers Aleksander Wolszczan and Dale Frail monitored the newly discovered pulsar PSR B1257+12, they noticed its pulse was occasionally a little off. It should have been emitting its beacon of light every 0.006219 seconds but instead it seemed to be disrupted by something and that something was not entirely random. It was an oddity that had never been seen, or heard, among any other pulsar in our galaxy. So the data was double-checked, then triple-checked, but the anomaly remained.

The off beats came at regular intervals, suggesting some other predictable element was interfering with the signal. There remained only one plausible explanation: something was dragging the pulsar back and forth, exactly as the Earth drags on the Sun. The effect of this drag was causing an irregularity in how fast its pulses of radiation reached us.

‘If you lived on a planet orbiting a pulsar, you would want to make sure to be very far away. Although these stars are very small – they can be as small as a city – they’re extremely dense and have an enormously powerful gravitational field. Pulsars are so dense that a teaspoon of their neutron material would weigh as much as a mountain here on Earth.’

Nia Imara, Astrophysicist, University of California

On 9 January 1992, after months of work, Wolszczan and Frail had an explanation for the odd behaviour of this tiny stellar remnant flashing in the darkness 2,300 light years from Earth – two tiny planets were orbiting around it every 67 and 98 days respectively, exerting the tiniest of gravitational tugs that could be seen in the irregular heartbeat of the pulsar. Poltergeist and Phobetor, as they came to be known, were the first planets discovered outside our solar system – the first indication of a universe of worlds.

Two years later, another planet, Draugr, was detected and added to the system, a planet less than half the mass of our moon that was orbiting with its larger siblings. But for all the excitement, the discovery of these three first exoplanets changed nothing in terms of our lonely view of the night sky. Orbiting around the intense radiation of the Lich pulsar, Draugr, Poltergeist and Phobetor are planets, but not in a form that we would recognise from the hospitable realm of our own solar system. Created from the recycled dust of a previous generation of worlds that would have circled the star before it exploded, these planets are trapped in a star system that is more violent and destructive than we can imagine. Poltergeist, which is four times the mass of the Earth, orbits its star every 66 days and is consumed by radiation that may even charge whatever atmosphere it has, painting the sky with the most beautiful of auroras. But this is no Eden; its cold, dead surface is battered by intense radiation, just like its rocky sibling, Phobetor. No liquid water can exist on these worlds, and no life could ever survive here.

These first exoplanets were remarkable objects, chance discoveries made by following the strangest of signals that led to a profound shift in the way we understood the Universe, and in an instant our tally of planets that we know of in the Universe went from eight to 10.

But there was more to this discovery than just numbers. The very nature of Poltergeist and Phobetor told us something profound about the Universe. These were planets that had not formed around a newly born star like our own, but around a dying star created from the ghostly remnants of its past life. Their unlikely story suggested a fundamental truth about the formation of planets in the Universe – anywhere that there is enough material, enough energy and enough gravity, planets will be born. The Universe is virile. Our vast 1,000,000,000,000,000,000-kilometre-wide Milky Way must harbour hundreds, thousands, maybe even millions of planets born some time in its 13-and-a-half-billion-year history. Hidden in the darkness, just waiting to be found. With this knowledge the race to find the next exoplanets had begun.
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The uninhabitable surfaces of Mercury (top) and Venus (bottom). Both planets have been ravaged by their proximity to the Sun.

SEARCHING AMONG THE STARS

Sara Seager, Professor of Planetary Science, Physics, Aeronautics and Astronautics, MIT

We’ve been asking questions for millennia. We know there are other stars, other suns. We know the stars are part of a galaxy. We know our galaxy is one of hundreds of billions of galaxies out in our universe. But we still don’t know everything. We don’t know about all the planets around all those stars, how they formed. We don’t yet know if there are other solar systems out there like ours and we don’t know if there are other Earths with life on them.

We humans are born explorers. We want to find other planets because we want to know if there’s any life out there. And planets, rocky planets like Earth, are the place to search. The ingredients for life appear to be everywhere, just floating around in outer space. But these ingredients can only concentrate on a planet, and we need the planet to concentrate molecules and energy and everything to make life start and happen.

We’re doing our best to search for life, but right now and for the foreseeable future, we can only search around the very nearest stars to us – so only a dozen or 100, or at the very most a thousand stars, and there are hundreds of billions of stars in our galaxy. It would be like being able to meet all the neighbours on your block. You could never meet anyone from another city. So if there is life out there, we may not be able to find it.

The search for exoplanets really got going in the mid-1990s, when astronomers found the first exoplanets orbiting sun-like stars. But these planets are like nothing in our own solar system. They’re so strange that at first people didn’t want to believe they even existed. Astronomers found giant planets very, very close to the star, nearly ten times closer to their star than Mercury is to our sun. And a planet has no business being there. There’s not enough material around a forming star to make a planet that close in.

As more and more planets were discovered, it was harder and harder to call them something other than a planet. We didn’t see the planets directly. We only saw the planets’ gravitational effect on the star, because as the planet and star can orbit the common centre of mass, you can think of it like the planet tugging on the star. We can measure the stars’ line of sight motion. We can measure the stars’ wobble due to the orbiting planet. Now, later on, there came a very, very special event. If a planet star system is aligned just so, just perfectly so that the planet orbits in the plane, from our viewpoint, the planet might go in front of the star or transit as seen from our telescopes, and the transit can cause a tiny drop in brightness of the star.

So as we discovered more and more planets, the chance that one of them would have this very special alignment to show transits was increasing. And finally, a planet did transit and was observed. And there’s nothing else that could indicate. There’s nothing else that could cause a wobble and a transit of the same star that matched up perfectly. So after that, there was no doubt whatsoever.
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Transits of Mercury in front of the Sun, like this one in 2019, occur 13 or 14 times per 100 years.
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Transits of Venus in front of the Sun, like this one in 2012 and the previous one in 2004, occur in pairs. The next pair will occur in 2117 and 2125.


TRANSIT PHOTOMETRY

As a planet crosses in front of its parent star (seen from Earth here), transit photometry will analyse the dip in the star’s light curve, which can identify a planet in orbit, and gauge its size as well as the composition of its atmosphere.
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THE RACE FOR NEW WORLDS

Poltergeist and Phobetor radically changed our perspective of the Universe, but perhaps not our sense of loneliness. To do that we needed to find a planetary system a little more like our own, planets that we recognised to be in some way similar to the eight within our own solar system, orbiting around a main-sequence star like the Sun. Perhaps even a rocky planet with the potential for liquid water to pool on its surface.

Astronomers across the world raced to train their telescopes on sun-like stars, desperate to find an alien world that could be Earth’s kin. To look beyond the glare of living stars and into their shadows to see the planets that we knew must be out there. Something that would help us understand whether our world was unique or the norm, whether we were significant or insignificant.

Around 50 light years away from Earth, 51 Pegasi is an unremarkable main-sequence star in the constellation of Pegasus. At least 2 or 3 billion years older than the Sun, this yellow G-type star is heading towards the end of the hydrogen-burning period of its life on its journey to the next stage as a red giant.

[image: Image]

Artist’s impression of a hot Jupiter-class exoplanet, encircled by clouds.

In January 1995, a Swiss PhD student called Didier Queloz sat 500 trillion kilometres away from 51 Pegasi, at the Haute-Provence Observatory in the south-east of France. Queloz was working with his supervisor, Michel Mayor, on a newly developed planet-hunting system called ELODIE, recently installed at the observatory. Designed to improve the accuracy of the then-most promising method of detecting an exoplanet (a planet outside the Solar System), known as radial velocity, Queloz pointed the 1.93-metre reflecting telescope towards the constellation of Pegasus.

[image: Image]

Michel Mayor, who discovered 51 Pegasi b, the first confirmed exoplanet, pictured at the Astrobiology Centre, Madrid.

This was just one of the many stars with which Queloz was calibrating the new system, but when the telescope fell upon 51 Pegasi it did something that every planet hunter had been dreaming about – it wobbled in a predictable and repeating manner. This old star, twinkling in the distant reaches of the night sky, was telling us something profound: it wasn’t alone.

The method Queloz and Mayor were using to try to hunt down an elusive exoplanet at first sounds almost implausible. Radial velocity has nothing to do with measuring the presence of an exoplanet directly, as this is impossible due to the overwhelming glare of a star that’s so bright it leaves any planets lost in the shadows. But the discovery of Poltergeist had shown that we could detect an exoplanet indirectly by looking for specific disturbances in the star’s behaviour. A principle that the radial velocity method utilises with the fine-tuned observation of a target star.

[image: Image]

The Haute-Provence Observatory, where Didier Queloz and Michel Mayor first spotted 51 Pegasi’s tell-tale wobble.


RADIAL VELOCITY METHOD

The radial velocity method is based on the detection of variations (or ‘wobbles’) in the velocity of a central star, determined by the changing direction of the gravitational pull from an exoplanet as it orbits the star. The star’s spectrum of light is redshifted as it moves away from Earth (left), and when it moves towards Earth, then it is blueshifted (right).
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THREE ORIGIN THEORIES FOR HOT JUPITERS

Gas giants, or ‘hot Jupiters’, cannot form close to their parent star, and most likely form in one of three situations:


	Close in: Planet forms near the star then travels closer in.

	Pulled in: Planet forms far away from the star where gas giants are located, then as it interacts with gas and dust it pulls closer into orbit.

	Close encounter: Planet forms far from the star, then is pulled away by an object such as a planet or comet, before stabilising close to the star.
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The method relies on a simple gravitational interaction that exists between every planet and star, including our own. In our solar system the vast mass of the Sun exerts its gravitational might on our planet’s orbital motion as it does with all the planets and asteroids in the system. But gravity is never exerted in just one direction, and even though minuscule compared to the Sun, the relationship with the Earth also exerts a gravitational influence on the Sun’s movement. This can be detected in the tiniest of wobbles in the motion of our sun caused by the gravitational pull exerted by the mass of our planet. Although negligible compared to the wobble caused by the more massive planets in our solar system, particularly Jupiter and Saturn, it is still measurable. This is called reflective motion and it’s this tiny variation in a star’s behaviour that Queloz and Mayor were trying to detect across all of those trillions of kilometres of space.

In principle they knew that a planet-induced wobble could be ‘seen’ by finding tiny measurable changes in the star’s light spectrum or colour signature. Using a direct application of the Doppler Effect, the radial velocity method relies on the fact that a star moving away from the Earth will have its light ‘stretched’ and so its colour will shift and slightly redden from our perspective. When the same star ‘wobbles’ towards the Earth the light will be compressed and so shift slightly towards the blue end of the spectrum. These changes in a star’s light are minuscule, but by meticulously measuring the amount of shift in the 51 Pegasi spectrum, Queloz and Mayor were able to measure it wobbling by just 53 metres every second – a wobble that told us this star had a companion, a planet that we could not only detect but even determine the size of. It was a true landmark moment in the history of science, and what would become a Nobel-prize-winning discovery that would change our view of the Universe forever.

51 Pegasi b, as it came to be known, was the first planet outside our solar system to be discovered around a sun-like star. But it was far from the alien world of our imaginations; this was no second Earth, no water world, no nurturer of life.

The wobble technique employed by Queloz and Mayor favoured the discovery of massive planets, capable of significantly distorting the star’s light, so it was no surprise to discover that 51 Pegasi b was enormous. At around 150 times the size of the Earth, this planet resembles something far more like Jupiter than any of the terrestrial planets in our solar system. But it was this gas giant’s proximity to its star that was truly surprising. In our solar system the gas giants orbit far from the Sun, with the terrestrial planets packed in much closer. It was the only planetary system we had ever been able to observe, so the assumption was this was a rule of thumb, an organisational principle for all planetary systems.

But 51 Pegasi b threw all of that out of the window. Here was a gas-giant planet approximately half the size of Jupiter orbiting closer to its star than Mercury orbits the Sun. Heating the atmosphere of this distant gas giant to at least 1,000 degrees Celsius, an atmosphere filled with blisteringly hot clusters of heavy elements and clouds not of water vapour but of silicates and iron. If we could get close enough, we would see a planet with an atmosphere so hot it would glow red, a planet half the mass of Jupiter inflated into a world even greater in volume than the giant of our solar system.

[image: Image]

Artist’s impression of the ten hot Jupiter exoplanets seen through the Hubble and Spitzer Space Telescopes.


Travelling planets

When Didier Queloz and Michel Mayor first announced their discovery of 51 Pegasi b, many astronomers didn’t believe it because the planet was in the wrong place. Here was a Jupiter-like world. It was enormous. It was massive, and yet it was parked right next to its star. At the time, astronomers and planetary scientists thought they understood planet formation and they fully expected that Jupiter, like other planets, would be far from their star because you needed to form those planets where it was cold enough that a lot of ice could build up the initial core, onto which the gas would pile and create this massive planet.

No one appreciated that planets could migrate after they formed, so the discovery of 51 Pegasi b really kicked off a deep understanding that, actually, after they form, planets in their respective planetary systems can move around and relocate.

David Charbonneau, Astrophysicist, Harvard Smithsonian Center

EXOPLANET TYPES
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The discovery of 51 Pegasi b confounded everything we thought we knew about planets. We had explored our own star system and found that all the gas giants live far from the Sun in the ‘outer’ Solar System. We thought we understood how they evolved this way, built from the frozen icy rocks that can survive out past the snow line (far enough away from the Sun that volatile compounds such as water, ammonia, methane, carbon dioxide and carbon monoxide freeze into solids). Yet here was a Jupiter that raced around in an orbit once every four days – so close that it almost grazes the surface of its star.

It seemed 51 Pegasi b might be a fluke of nature, an anomalous discovery that would be sidelined as our search for more exoplanets gathered momentum. But as the discoveries began to trickle in through the 1990s it became clear that 51 Pegasi b was not entirely rare, and in fact this class of planet seemed to be something of a commonplace occurrence.

The discovery of a raft of hot Jupiter exoplanets revealed a new truth about the Universe. No longer reliant on a research sample of one, our solar system, we could now see that planetary systems did not simply conform to a structure of rocky planets close into the star and gas giants further out. It seemed from these first handful of discoveries that gas giants often end up migrating far from where they first formed. Dragged in towards their parent star by powerful gravitational forces, for some this ends up in a tortuously close orbit, for others it’s a journey that ends in annihilation. We now know that even our own Jupiter began such a perilous journey towards the Sun, only to be pulled back from the brink by the counterbalancing force of its sister gas giant, Saturn. For all of its seeming stability, the story of our solar system and therefore the story of the Earth could have played out so very differently.

By the turn of the century it seemed as if the Universe might be awash with hot Jupiters, but as is often the case with science, jumping to conclusions can be a dangerous game. We now know that these types of planets are plentiful in our galaxy and thus are easier to find, but they are far from commonplace, perhaps making up around 1 per cent of all planets. The rush of discoveries in those early years was not down to the abundance of these planets but was instead a reflection of the biases of the techniques we were using to discover new worlds. Radial velocity and the other detection methods employed at that time favoured the discovery of large planets in tight orbits around their stars, and so by design it was hot Jupiters that at first appeared most frequently.

Slowly, with the development of new techniques, these giant planets gave way to a more eclectic mix of worlds, which is thanks largely to one extraordinary telescope, the greatest planet hunter of all time.


The Hunter

The launch of the Kepler Space Telescope on 7 March 2009 marked a profound moment in human history. Up until this point planet hunting was a side game for the world’s most powerful telescopes, like the Spitzer and Hubble Space Telescopes, casting their eye to discover distant worlds in between a host of other mission objectives. But Kepler was different, the first space telescope designed and built entirely to hunt for exoplanets, and in particular Earth-like terrestrial worlds.

Launched by a Delta II rocket from Cape Canaveral Air Force Station, this 1-tonne telescope was propelled into an unusual ‘Earth-trailing orbit’. This placed Kepler in an orbit around the Sun rather than the Earth to avoid the disruption that an Earthbound orbit can bring to a telescope’s view of the Universe. With an orbital period or ‘year’ of 372.5 days, from the moment Kepler entered into its heliocentric orbit it began its slow fall away from the Earth, dropping farther behind our planet by approximately 26 million kilometres each year. On this trajectory, long after its retirement in 2018, Kepler will reach its farthest distance from the Earth in around 2035, when it will be on the other side of the Sun. It will then return to our local neighbourhood about 25 years later.

[image: Image]

Illustration of NASA’s Kepler Space Telescope as it scans the skies above, searching for hidden exoplanets.


Uncovering hidden worlds

The Milky Way galaxy between the constellations of Cygnus and Lyra, targeted by the Kepler Space Telescope. The boxes show the field of view of the telescope, containing over 100,000 stars.
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NASA and JPL travel poster advertising Kepler-186f, the first Earth-size planet discovered in a potentially habitable zone.

Although constructed around a 1.4-metre primary mirror, Kepler was not designed for acuity but for sensitivity. Its aim was to deliver the maximum amount of light to the single scientific instrument that it carries on board – an exquisitely sensitive photometer that can continually monitor the precise brightness of up to 150,000 main-sequence stars. Intentionally defocusing the light from the primary mirror, Kepler was not about capturing sharp images but maximising the measurement of the intensity of light from its target stars. This in turn allowed it to utilise a planet-hunting technique that enabled us to find Earth-sized planets without actually seeing them.

The radial velocity method used in the detection of hot Jupiters like 51 Pegasi b relies on the measurement of a change in wavelength of light, a wobble caused by the gravitational disruption of a planet on its target star. But Kepler was designed to use a different technique that relies on being able to use the subtlest of changes in its brightness.

When you first hear about this principle, known as Transit Photometry, it’s almost impossible to imagine that such a technique can provide so much information about tiny planets, specks of dust orbiting distant stars, but with the help of Kepler it has been our most powerful weapon in the hunt for alien worlds.

The method relies on a simple principle, the fact that when a planet crosses or transits in front of its parent star, the light from that star dips by a minuscule but measurable amount. Using our solar system as an example of this phenomenon, if you were measuring the light from the Sun and an Earth-sized planet transited between you and the star, the light would dim by just 0.008 per cent. A Jupiter-sized planet would cause a slightly larger dip.

Such changes seem almost inconsequential, but it is this dimming that Kepler’s photometer could use to measure the presence of tiny worlds hidden in the glare of their stars. The method is far from perfect; such minute dips in light do result in a high rate of false detection, which often require further verification, but that does not detract from it being an incredibly powerful method for scanning the heavens for other worlds. Not only can the transit method be used to detect the presence of a planet, the level of dimming can also be used to estimate the planet’s diameter, and the frequency of this dimming can be used to calculate the duration of the planet’s orbit, or its year. Combined with an understanding of the characteristics of the parent star, this can allow the temperature of the planet to be calculated, and so an amazing amount of information can be gleaned from just the smallest twinkle of a distant star.

Within a few weeks of being in orbit Kepler fixed its gaze towards the northern constellations of Cygnus, Lyra and Draco, pointing towards a patch of sky chosen so that the gaze of the telescope would never be interrupted by the blinding light of the Sun. This target zone in the Milky Way was also chosen so that the stars that Kepler would be observing would be a similar distance away from the galactic core as our own solar system is, and also similarly close to the galactic plane. If the Sun’s position in our galaxy has influenced the chances of habitability, of life taking a foothold on a terrestrial world, then looking into an area with a similar galactic dynamic to our own perhaps might just increase our chances.

[image: Image]

NASA’s Kepler spacecraft being prepared for testing at the Astrotech payload processing facility in Florida.

searching for shadows

Phil Muirhead, Astrophysicist, Boston University

It is hard to understate how important the Kepler mission has been to our understanding of exoplanets. Prior to the Kepler mission, most exoplanet studies were discovering individual planets, one at a time. And we were really struggling to make broad inferences about the statistical nature of planets in the Universe. We needed more planets to make definitive statements about how common they are, how common Earth-like planets are, and how common Earth-like planets are in the habitable zones of their host stars. Kepler came along and blew everything out of the water, discovering thousands and thousands of extrasolar planets.

Kepler’s method of discovering planets was a technique called the transit method, where you search for a shadow cast into space by the planet orbiting the star. Now to find planets via this method, you have to be lucky. The planets’ orbit around the star must align such that the shadow is cast towards us. And that, unfortunately, has limitations, so just because a given star has a planet, it doesn’t mean that Kepler would find it. If you look at enough stars, though, you’re almost guaranteed to find a few with this chance alignment, and when you do, then all we can tell you about this planet is the orbital period. That is how long it takes to go around its star and the size of the planet. It does not tell you anything about the atmosphere of the planet, it does not tell you anything about the interior of the planet, and it also doesn’t tell you necessarily the mass of the planet. For that, we would need to do follow-up observations; Kepler makes the discovery, it tells you the orbital period, and it tells you the size. And then astronomers take other telescopes, perhaps the Hubble Space Telescope, perhaps telescopes that are located on the ground on Earth – point at that system, and start to study it in other ways to try to determine the mass of the planet, the atmosphere of the planet.

So how special is Earth? We know now, thanks to research over the past few decades, that planets are actually quite common. One of the major results from NASA’s Kepler mission is that planets exist around stars. So the fact that we have things like Mercury, Venus and Earth, Jupiter and Saturn, Uranus and Neptune, do not appear to be unique. We see planets like our planets orbiting other stars.

So Earth-like planets that orbit their stars at the same distance at which we orbit the Sun are very difficult to detect. They were right on the limit of what Kepler could find. And it took Kepler a long time to actually find those planets – you have to imagine they
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