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To my dad,

who woke me up to see the comet,

and to my mum,

who made sure I was wrapped up warm.




   

The most important feature of any telescope is the imagination with which it is used.

Vera Rubin, ‘The Dedication of the Vatican Telescope’, 1993
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INTRODUCTION



Whenever you look above the horizon, whether in appreciation of a sunrise or lost in the depths of a starry night, you step into the role of an astronomer. Look up at the Moon and your eyes transform into telescopes, as the pupils widen to gather its faint glow and the lenses focus the light onto the retinas. You are left contemplating an image that has guided sailors, aided farmers and enchanted poets and lovers for millennia. In various early societies, stargazing could determine a person’s fate. Those who could spot more than five stars in the ‘Seven Sisters’ cluster were destined to be warriors, their sharp vision prized for spotting enemies and striking with precision. But even those of us with perfect vision can only see so much. The Moon is close enough for us to see its shadowy plains, but even the nearest planets are little more than bright pinpricks in the sky, their valleys and volcanoes hidden beyond the reach of our sight. And as for other galaxies … the luckiest of us might glimpse a faint smudge of light in the direction of Andromeda, but the shape of its spiral arms is entirely lost to us. To look further, we need an ‘eye’ that not only collects and focuses light but magnifies it too.


You can probably picture an optical telescope, even if you have never looked through one. At its most basic, it consists of a set of lenses or mirrors shaped to collect incoming light and focus it upon a magnifying lens in the eyepiece. The apparatus is usually housed in a metal frame mounted on a tripod that allows the telescope to revolve and tilt. When Galileo Galilei used one of his novel telescopes in the early 1600s, he was able to see details invisible to all humans before him, such as the moons of Jupiter. The shape of an optical telescope is so unchanged that Galileo would easily recognise the amateur telescopes set up in back gardens worldwide. He might marvel at the most modern, ‘smart’ versions which dispense with the eyepiece and instead use cameras to capture and send images to an app, but the physics and engineering of collecting celestial light remain the same.


When Galileo drew the movement of Jupiter’s moons or charted the stars making up the ribbon of the Milky Way, his sketches were purely of academic interest, seen only by a privileged few. Now, astronomy is a global fascination, and images from the world’s most advanced telescopes are shared across headlines and social media.


Almost all the astronomy images in the public consciousness have been captured from just one type of light: optical light. This light requires no special processing or translation, beyond magnification. In the fruit bowl of astronomy, optical light is the apple. It is light our eyes have evolved to see and, like an apple, there is no preparation needed in order to enjoy it. We simply bite into it and savour the taste. My own house is full of wall art captured by the Hubble Space Telescope; its beauty is immediate and undeniable. But what a waste to ignore the potential of the more exotic, elusive offering that lies next to the apple! Radio light is a ‘fruit’ that cannot be enjoyed so easily, the lemon of the bowl.


Eating lemons requires tools and ingredients: a knife, a juicer, extra sugar. But what versatility, what promise! There is the cake I could bake by adding a generous grating of zest in the batter. There is the soothing hot drink I could concoct, balancing the fruit’s natural bitterness with a teaspoon of honey. And, being a scientist, I cannot help but look at a lemon and think of the secrets I could write, squeezing the juice to use as ink and watching my words disappear as it dries. Once heated by an iron, the carbon bonds in the citrus ink break down, darkening the juice and causing the letters to re-emerge miraculously on the page.


While optical astronomy is open to anyone who can look up, radio astronomy uses light invisible to our eyes and requires some extra tools: an antenna, a dish. Like lemon-juice ink, the mysteries of radio light remain hidden until we learn how to reveal them – but when we do, a cosmos of forgotten echoes and newfound wonders emerges. From mapping lunar craters with unparalleled resolution to filling in the timeline of the Universe, from listening to the sweeping screeches of Jupiter’s Northern Lights to hearing the ‘ping’ of meteors streaking through the sky, from searching for extraterrestrials to spotting incoming asteroids, no type of astronomy matches radio for its breadth of application. Radio astronomy illuminates secrets that have been written in space over billions of years.


First Contact with the Radio Universe


Optical astronomy is as ancient as civilisation itself, born from the simple fact that we arrive into this world already equipped to see starlight. Radio astronomy, in contrast, began in 1928, with one man getting annoyed at the hiss in his headphones. Karl Guthe Jansky, an American radio engineer fresh out of college, had taken a job at one of the world’s greatest scientific development companies, Bell Telephone Laboratories in Holmdel, New Jersey. The company had a problem.


By the late 1920s transatlantic telephone calls had become possible, with Bell Labs charging sums so steep that a single minute could cost nearly a week’s wages for the average worker. To get away with charging that much, the company needed their phone lines to be crystal-clear.


Jansky had been tasked with characterising the crackling static that plagued the telephone lines, often making conversations difficult to hear. There were multiple culprits and many, such as distant electrical equipment, could be readily identified. But not all of them. Among the hums and crackles was a persistent hiss, one that defied explanation. He got to work immediately, and after three years he had a radio antenna capable of isolating the radio static. It wasn’t a slight affair, at 30 m wide and 6 m tall, or an elegant one either: a tangle of wood and wire. He fondly referred to it as the ‘merry-go-round’, and go round it did, on a turntable set on four salvaged Ford Model T wheels.


For over a year, Jansky wheeled the antenna around, tracking the signal as it appeared to move across the sky, from east to west, eventually realising that it must be coming from deep within the Sagittarius constellation. This was a big surprise because, up until that point, the whole Universe was thought to be silent in the radio wavelengths. The New York Times devoted an entire front-page column to the discovery, alongside articles about Nazis parading through the streets of Germany. Perhaps in those years, as the storm clouds of war gathered on the horizon, there was a welcome distraction in looking up. Now, we know that Sagittarius is not just any constellation. It contains the heart of the Milky Way, and Jansky had been listening to radio light emitted by matter falling helplessly towards a supermassive black hole situated there.


Jansky had been given a simple task: to make our conversations clearer across continents. This he did – but, with the help of his merry-go-round of wire and wood, he also unwittingly opened a line of communication for astronomers. Now they could converse with the cosmos far beyond the confines of visible light – the only language astronomers had known until then.



A Tour of the Electromagnetic Spectrum



Light and its associated terminology permeate our daily language. There is light at the end of the tunnel as we wrap up a difficult project, the smile of a close friend lights up a room, and new information ‘sheds light’ on a situation. We seek clarity by asking someone to ‘enlighten’ us, having only had a ‘glimmer’ of understanding. Light represents knowledge, warmth, truth and safety. It banishes the darkness we fear on a primal level.


However, the physical nature of light perplexed scientists for centuries, with our understanding oscillating between theories that described it as a wave or a particle. Evidence piled up in favour of both sides, seemingly at odds. Only with the advent of quantum mechanics in the early twentieth century did physicists realise that the best description would change depending on the experiment.


In the quantum world, light experiences wave-particle duality. In experiments involving the refraction or bending of light, it acts like a wave. But we can only make sense of how light transfers energy by considering it to be made of particles – called photons. These photons can be thought of as particles with wave-like properties. I usually refer to radio waves because most astronomical phenomena are best described by light as a wave, but radio photons is just as valid a description in certain situations.


Whether we think of light as a wave or a particle, its properties vary according to its place on the electromagnetic spectrum, the range of possible values for the wavelength of the wave, or energy of the photon. The higher the energy of the photon, the shorter the wavelength of the wave. Imagine dangling your feet into a swimming pool. If you lazily move your feet back and forth, the ripples outwards will be spaced quite far apart. If, however, you kick your feet rapidly, the spacing between waves – the wavelength – will be shorter.


Let us return to our fruit bowl. Though the term ‘fruit’ describes everything in the bowl, I don’t expect every lemon, orange and pear, or even every apple, to taste alike. In the same way, the different types of light making up the electromagnetic spectrum, such as radio and optical light, display very different properties. Light’s spectrum ranges continuously from longer wavelengths in the order of kilometres (lower energies) to shorter wavelengths far, far smaller than a human hair, or even an atom (higher energies). This spectrum is divided, quite arbitrarily, into seven categories: gamma (shortest wavelength), X-ray, ultraviolet, optical, infrared, microwave and radio (longest wavelength).


There is a remarkable range of properties dependent on wavelength, even within one ‘type’ of light. In the optical range, we call the different wavelengths ‘colours’, and even within each one, our eyes can perceive a seemingly endless array of hues. Who hasn’t stood paralysed in a hardware store, staring blankly at swatches of ‘Overtly Olive’ and ‘Sophisticated Sage’, trying to decide which shade of green would best suit the kitchen? Some may groan, ‘They’re the same colour!’ But thanks to the three types of cone cells in our retinas, the average human can differentiate up to one million different hues, even if our patience gives out long before our eyes do.


Different wavelengths also help our bodies to self-regulate. Because blue light is more prominent during the daytime, our bodies respond to a decline in blue light by producing melatonin – the hormone that makes us feel sleepy. This is why looking at your phone in bed makes it more difficult to get to sleep. When your eyes detect the blue light from a screen, your brain assumes the Sun is still high in the sky and hurriedly delays the production of melatonin in order to keep you awake. And when your body finally does release melatonin, it does so well into the night, resulting in grogginess in the morning. On the International Space Station, astronauts experience sixteen sunrises and sixteen sunsets every single day, as they orbit the Earth every ninety minutes. Trying to adapt to that schedule would play havoc with the human body, so NASA has designed the station’s lighting to mimic the day–night cycle on Earth. In the evenings, the blue light is reduced to help the astronauts sleep.


Every day, we encounter light that either helps or hinders us. We are so used to the concept of light being visible that we may forget we are also talking about light when we refer to microwaves or X-rays. The familiar rainbow of visible colours represents the full spectrum of the optical wavelengths, from red, the longest, through orange, yellow, green, blue and indigo to violet, the shortest. However, this is a tiny sliver of the whole electromagnetic spectrum.


Shorter than violet wavelengths are ultraviolet (UV) wavelengths, which are too short to activate the cone cells in our eyes and so invisible to humans.fn1 This kind of light has enough energy to penetrate the surface layers of our skin, causing burns in the short term. The energy of UV light can also knock electrons away from the atoms that make up our cells, a process called ionisation. Because DNA is built from those same atoms, ionisation directly alters its structure, leading to long-term cellular damage in the form of premature ageing. An unwelcome attribute, one might think, except that these wavelengths also damage the DNA in bacteria and viruses, preventing them from replicating. Hospitals use UV sterilisation extensively, as do water purification centres, so as much as putting on sun cream feels like a pain, just be thankful pathogens have not evolved to excrete a natural SPF either.


As we move to higher energies, we come to the X-rays, a wavelength of light most people have likely encountered in less-than-ideal circumstances. My first X-ray was at age eight, after an attempt to fly off a climbing frame like Superman resulted in a suspected fracture. While optical light bounces off your body (and clothes, upholding common decency) and UV light is absorbed quickly by the outer layers of skin, X-rays travel through your body – although only through your soft tissues, as they are almost totally absorbed by your bones. When you have an X-ray, the detector behind your body registers the light that passes through, thereby imaging your bones in silhouette.


Beyond X-rays lie the gamma rays, light so energetic that you have hopefully never been exposed to it. Gamma rays can be devastating to life because the light has high enough energy to cause severe mutations in DNA and kill living cells. Even this destructive property we have harnessed to our advantage, though. ‘Gamma knife’ surgery uses highly focused beams of gamma light to kill and shrink cancerous tumours deep within the body without ever needing to use a scalpel. Comic books might have you believe that a dose of gamma radiation will turn a curious scientist into the Incredible Hulk. Expose yourself to a source of gamma rays without medical supervision, however, and the damage to your DNA will mean you will likely not survive the week.


Let us move our gaze back towards the familiar optical wavelengths. Passing from UV to violet, back through the rainbow, past the reds and then into the infrared, we can relax a bit. The energies at this end of the spectrum are too low to ionise atoms. The best the light at this end of the spectrum can do is pass on its energy and get atoms a bit excited, so that they move and vibrate. On a hot summer’s day, it is the infrared light that we feel on our skin, as it transfers its energy into our skin cells, gently warming us. While optical light interacts with our eyes and perhaps stimulates us to don some stylish sunglasses, we cannot feel it – just as we cannot feel the strength of UV light, or an X-ray.


Next in line after infrared are microwaves, the wavelength humanity has harnessed for the noblest of causes: reheating last night’s leftovers. Microwaves are of just the right wavelength to induce frenzied movement in water molecules, producing so much heat as a by-product that food is quickly heated (and dehydrated). While microwaves are too low-energy to qualify as ionising radiation, you might notice microwave ovens are shielded in a way that your lightbulb, mobile phone and radio are not. Without this precaution, humans could potentially find some of their cells cooked along with the food, since our bodies contain so much water.


Finally, we finish our tour of the electromagnetic spectrum in the radio wavelengths – the longest of the lot. They are low-energy enough that they can’t ionise your cells, or get water molecules excited; they don’t even give you a warm fuzzy feeling like infrared light. They are, comparatively, the most inert grouping of the spectrum: they are not immediately dangerous to human life, or able to reheat a meal. But their subtlety is exactly what makes them extraordinary.


It can feel a little tribal to declare a strong allegiance to radio light, especially when the spectrum is continuous and no real separation exists between our categories. The range of wavelengths and energies results in new dimensions to our sensory world, adding so much depth and richness. But there really is something very special about the longest wavelengths. The property that separates them from their more energetic siblings is their ability to travel long distances relatively undeterred, through space, the atmosphere, clouds, rain, buildings and indeed us. This makes them invaluable in daily life as a communications tool, and in astronomy as the ultimate long-distance way of illuminating the Universe.


The degree to which light can move through the turbulent atmosphere and into our telescopes depends on its wavelength. For the most part, the protective layers of oxygen, nitrogen, carbon dioxide and water vapour absorb shorter wavelengths like UV light, X-rays and gamma rays. Crucially, this shields us from ionising radiation, which would otherwise pose a serious threat to life on Earth.


While the shorter wavelengths struggle through the atmosphere like celebrities pushing through paparazzi, optical light moves with far less resistance, like a member of the entourage. It gets jostled, certainly, but it makes it through, hair tousled, only slightly knocked off course. And a good thing too. Without our atmosphere’s partial transparency to optical and infrared light, Earth would be plunged into an eternal, freezing night, without even the faintest twinkle of starlight. Even if humans were able to rely entirely on manufactured sources of light and heat, we would not last long. Photosynthesis, the process whereby plants use sunlight to convert water and carbon dioxide into oxygen and glucose would halt, destroying our source of food and oxygen in one fell swoop.


Fortunately for our survival, enough optical and infrared light is able to filter down to Earth to keep these processes going and keep us warm. However, the way in which it is scattered as it travels through the atmosphere presents a challenge for astronomers. Even the casual stargazer can see the effect of this distortion – it is why the stars appear to twinkle. As the atoms move about in the atmosphere, they divert the path of incoming light in random directions, ever so slightly. This is similar to looking at a dropped coin at the bottom of a swimming pool: its position appears to change constantly, despite it lying quite still. Professional optical astronomy requires observatories at high altitudes, coupled with software to correct for the remaining distortions. And for the faintest, most distant optical targets, only space-based telescopes such as the James Webb Space Telescope (JWST) have a clear view.


Light from a faraway galaxy might consist of a rich mix of wavelengths that have travelled in tight formation for millions of light-years or more. But when it reaches Earth’s atmosphere, much of this information is lost. X-rays, gamma rays and UV light are completely absorbed, while optical light is badly distorted.


Radio light is alone in the spectrum for its skill in moving through the scrum with anonymity, with any atoms in the way barely giving it a second glance. Radio waves remain in tight formation as they travel almost unimpeded through the atmosphere … barely noticing any clouds that might be in the way. This indifference to the weather is of huge benefit to radio astronomers, saving them time and sanity. Trust me when I say you do not want to be anywhere near an astronomer who has travelled all the way to Hawai’i, sat for five days in a high-altitude control room, far from the beach, only to return without a kilobyte of data thanks to the cloudy weather. In addition, observing in the radio wavelengths can significantly increase the time you have available for observations. While optical astronomers have to wait for the Sun to set in order to see any other stars, radio astronomers can observe through the day and through the night.fn2


The optical astronomer is forever searching for sightlines clear of anything that might stop an optical photon in its tracks after a journey of light-years across space: rain, buildings, telegraph poles, satellites. To a radio photon, however, that cloud, that house, that human, are almost as irrelevant as the atmosphere that felled its counterparts in other wavelengths. The radio photons continue their long journeys, bringing with them messages from other planets, other galaxies and even, as we will see, other eras – messages we can receive and decode right here on Earth, day or night.



How to Build a Radio Telescope



My fascination with radio began in my early years. I grew up in a three-bedroom semi-detached house in the suburbs of a nondescript town in England. I was an only child, but the house was far from quiet, thanks to the sound of the radio in every room. They were everywhere – in the kitchen, bathroom, bedrooms, even on the landing and in the hallway, and they were always on. You could easily walk around the house and find yourself listening to the same news report or farm-based drama uninterrupted. In this way, we were pioneers of ‘seamless’ entertainment. The default station was usually BBC Radio 4, but I enjoyed slowly turning the dial on our older radios, listening as each station emerged from the static, music of every kind sharpening into focus before fading away as I surfed the radio waves. I loved that the movement of the dial itself had a resistance to it, you couldn’t just press a button to skip to the station you wanted. Instead, you had to sample the stations, just for a moment. And sometimes, along the way, you would make an unexpected discovery: a burst of music so new and surprising it would seize your soul and freeze your hand mid-turn.


When I was six or seven years old, the antennas projecting from the radios were just as much of a marvel to me. I’d experiment by angling them in different directions, and extend and retract them over and over.fn3 My curiosity once led me to pull a telescopic antenna out too far, and, expecting to find some miraculous gadgetry inside, I was perplexed to discover an ordinary hollow metal tube in my hand. What’s more, the radio fell immediately silent. How was it that this appeared to be the most indispensable component?


The variety of shapes was puzzling too: we had portable black units powered by batteries and bulky, colourful monstrosities, with a wire loop for an antenna, plugged into the wall. We even owned a couple of hand-cranked versions, which would deliver snippets of broadcasts with no obvious source of power to a child yet to learn about energy transfer. My understanding was eventually pushed to its limits. Maybe I never asked my dad how they worked, or maybe he explained a little. But we had a rule in my house where you looked things up or broke things down to work it out for yourself, because it ‘helped you learn’.


In the garden, within the sanctum of Dad’s Shed, the answers were all there, amongst open radio cases and screwdrivers, cogs from half-made watches littering the workbenches, and bent antennas under repair in vices. Maybe with more time I would have dug into the mechanics of radio technology that early in life. I certainly had all the tools to do so, but it was not to be. I was distracted instead by a new, sure-to-be-fleeting fad called the internet. Radios were to remain filed in my mental folder of Mysteries for a long time, along with Santa’s methods of surveillance and how that weird plastic fish from a Christmas cracker could tell my future.


At university, I developed a fierce passion for cosmology and set my sights on gathering light from the furthest reaches of space. I vividly remember the first day of my PhD. I was nervous, but ready to start my research career. It would be my challenge to unearth the first stars and black holes to exist in our Universe. How exciting! ‘But how?’ I asked on that first day. Would it be with the hulking great Hubble Space Telescope? The Very Large Telescope in the Atacama Desert of Chile? My face must have been a picture when I was told that I would spend my career not with these giants of optical astronomy, but fiddling with a radio telescope in the wet, muddy flatlands of the Netherlands. I won’t lie, I questioned my choice of PhD programme a little as I finished my first day and forlornly looked up the Dutch for ‘disappointment’.


Over fifteen years later I am writing a book on radio astronomy, so what happened? In short, I fell in love. What I had dismissed as an unglamorous relation of optical astronomy revealed itself to be nothing short of the stuff of science-fiction. Quietly plodding along in the background for fifty years, finding its feet on the ground as its optical cousins launched into the sky, I was let into the secret that it would be the radio telescopes that heralded the new era of astrophysics and cosmology. Indeed, to study the Universe at its earliest times, only a radio telescope would do. On that first day of my PhD, though, even with four years of education in physics and astronomy under my belt, I had no idea how one worked.


Radios are, in effect, translation devices. A microphone converts the sound waves of the newsreader’s voice into an electrical signal, which is sent through an antenna causing the emission of electromagnetic waves in the radio wavelengths. We convert from sound to light, because these two forms of energy behave very differently. Sound waves need a medium like air or water to travel, passing energy on in a chain of collisions from speaker to listener. Energy is quickly lost along the way, especially when travelling through a dense medium such as walls: even the loudest neighbour will be inaudible to someone sat in the next building. Electromagnetic waves, however, need no such medium. They carry energy within themselves, encoded in photons, allowing them to travel efficiently through the emptiness of space. These waves cross towns, countries and sometimes continents, inducing an electrical signal in any antenna that has been tuned to receive them. Finally, a speaker translates that electrical signal back into sound waves, which our ears have evolved to hear.


A radio telescope operates on similar principles, using light to carry information, but without the need for that first step of sound-to-light translation. Unlike our radio presenter, the Universe already speaks the language of light. Yet for humans wanting to understand these cosmic radio waves, some translation at the other end is still required. We can, and do, hook up a speaker and convert the radio light into sound, hearing passing meteors as pleasing ‘pings’, for example. Mostly, though, we assign the radio wavelengths equivalent visible wavelengths, producing radio images translated to an optical colour scheme that our eyes can see. This is like a ‘paint by numbers’, where you are given a key to translate the coded canvas: 3 equals red, 4 equals blue and so on. It doesn’t matter whether we choose 2 m to be equivalent to 400 nm (violet) or 700 nm (red), or any colour in between, as long as we are consistent.


Without radio communication, tasks like connecting to Wi-Fi to upload that Instagram post, looking up a map to the nearest pub or ensuring precise GPS targets for a nuclear submarine would be far trickier. You might not realise you are carrying a radio in your pocket, because the long, extending antennas have been miniaturised into tiny components, tucked deep within your mobile phone. But whenever you make a call or browse the internet, these antennas are picking up radio waves, and not just from terrestrial broadcasting towers and satellites. Beneath all those memes and messages are stowaway signals from the cosmos. Congratulations, you are a radio astronomer, and you didn’t even know it!


A purpose-built radio telescope differs only in scale and shape, not in spirit, from any of the antennas you may have come across in your life. Because the cosmic signals are so much quieter than the human-made radio signals that course around us, astronomers place their antennas in remote locations, away from the radio noise that accompanies human activity. Even then, the light is so faint we need to gather as much of it as possible, so we often place the antenna at the centre of a metal dish. This serves the purpose of capturing incoming signals from a wider area, reflecting them onto the antenna like a reverse megaphone.


As a rule of thumb, the bigger the dish, the fainter (and so the further away) the signal you will be able to detect. The radio telescope local to me, the Lovell Telescope at Jodrell Bank, consists of a 76-m-diameter metal dish positioned on a circular railway track and a tilting mount. It dominates the landscape, a giant, 1,500-t bowl held aloft at a height of 90 m by Eiffel Tower-like scaffolding. Ladders criss-cross the support towers, leading to a disused (and frankly dangerous-looking) control cabin, and at the centre of that dish, there is a simple metal antenna extending outwards over 20 m. The scale is quite something to behold, even before you find out that it is listening to the heartbeats of spinning stars.


I adore the diversity in radio telescopes, a diversity bred from the sheer range of wavelengths covered by the radio spectrum. The optical wavelengths cover a tiny range from 400–700 nm. In terms of the physics behind capturing light, nothing much changes within that range. But when it comes to radio telescopes, one might be attempting to capture radiation with wavelengths tens of kilometres long, from the dawn of time, or mere centimetres long, from the death throes of a star. An antenna sized and shaped to be sensitive to a photon of wavelength 1 m will be almost entirely insensitive to a photon of wavelength 1 km.


Antennas are bent into all kinds of different shapes to pick up more specific wavelengths: there are long lines of wire to detect storms on Jupiter, and sheets of metal slotted together in a bow-tie shape to map the Milky Way. There is a radio telescope that looks for all the world like a simple metal table, shaped to be sensitive to the photons from the first stars. There is diversity in the dishes too. There are dishes shaped with spherical curvature, ideal for surveying large sections of sky, and dishes with parabolic curvature better suited for pinpointing specific stars and galaxies. Then, there are long pyramidal horn dishes, flaring open like funnels: their shape shields the detector inside from unwanted background signals, in order to reveal the faintest of cosmological sources.


We can even join these individual systems together, such that we have hundreds of thousands of antennas connected over kilometres of ground, creating a colossal telescope. While each antenna observes the sky independently, we can synchronise their signals to construct a far more detailed and expansive image than any individual element could achieve.


Radio astronomers opt for ground-based telescopes not because it is hard to go to space, but because it is easy to stay on Earth. Since the atmosphere is less of an obstacle to radio waves, we simply do not need to venture off-planet, and all of our funds and ingenuity can be poured instead into powerful antennas and state-of-the-art computing.


One might be tempted to equate radio astronomy’s lower budget with it being somehow less advanced. But this would be short-sighted. Ground-based radio telescopes enable us to explore epochs and processes that surpass the reach of any rocket, probe or space telescope.


Not only that, all those billion-dollar spacecraft would be little more than decorative baubles in the sky without ground-based radio telescopes. All the data, all the instructions vital for pointing the telescope this way or that, must be communicated through Earth’s atmosphere using radio waves. In principle, we could talk to our spacecraft using optical lasers, but that demands a clear sky and an accuracy so fine it is like threading a needle from millions of kilometres away. Radio, by contrast, is robust and reliable, and so will always be needed for critical space communication. Without it, the stories of the Moon landings, the space station, JWST and every other step into the unknown would have been starkly different, and mostly impossible.


Radio waves can pierce the thick atmosphere of Venus, uncover underground lakes beneath the Martian surface and peer through the bright heart of the Milky Way to the spiral arms beyond. Radio photons are survivors. Despite the turbulence and dust that have filled the Universe over its 14-billion-year history, radio light from the Era of the First Stars has roamed across cosmic time and space, reaching Earth still whispering tales of newborn stars and baby black holes.


A Day in the Life of a Radio Telescope


I have stood beside plenty of radio telescopes and never been able to make more than an educated guess as to what they were observing. That’s if I tried to guess at all – I am often too giddy just from seeing the machinery. It is the same feeling I get when standing in front of an Apollo-era space capsule in a science museum: my mind struggles to connect something so tangible, so rusted and compact, with events of such astonishing scale. Visiting radio telescopes just to gawp at them has become something of a hobby, and I have photographic proof in an ever-expanding album labelled ‘Emma with Radio Telescopes’. I stand awestruck next to the grandeur of the 305-m dish in Arecibo, Puerto Rico; I grin with delight as I hold my arms outstretched to give scale to the bow-tie-shaped antennas barely grazing my ankles in the Netherlands; I peer into the sky along with the dish standing next to me in California. These telescopes, all sitting seemingly inert, could have been doing any number of things as I bounced around at their bases. They are astonishingly versatile machines.


For example, a day in the life of a radio telescope might unfold as follows:




7 a.m.–12 p.m.: Search for signals from the Universe’s first stars.


12 p.m.–3 p.m.: Monitor the Sun for sunspots and potential solar flares.


3 p.m.–6 p.m.: Employ radar to monitor the path of asteroids that could pose a threat to Earth.


6 p.m.–9 p.m.: Examine exoplanets for any hints of extraterrestrial communication.


9 p.m.–12 a.m.: Indirectly detect gravitational waves by observing the movement of radio stars.


12 a.m.–3 a.m.: Map gas clouds to outline a newly discovered spiral arm of the Milky Way.


3 a.m.–6 a.m.: Use radar for high-precision mapping of future lunar landing sites.


6 a.m.–7 a.m.: Revisit exoplanets for alien signals, just to double-check.





Notice there is no down-time during the day, unlike for optical telescopes which are mostly idle while the Sun is up. In fact, the daytime is when radio astronomers are in charge of protecting the planet from all sorts of nastiness, like solar flares that could take down our communications satellites and asteroids that could take down … well, all life on Earth.


Optical astronomers have to contend with gruelling all-nighters, altitude sickness and entire research trips being written off by drizzle. Their observation schedules, booked months or even a year in advance, offer no second chances. Sometimes you must go home exhausted, empty hard drives in hand, and apply again next year. Radio astronomers, in comparison, have double the time available in the schedule, reduced impact of weather on observations and more opportunity to take observations remotely or automatically. I have controlled a 100-m radio dish in West Virginia called the Green Bank Telescope from my bedroom in London. I was in my pyjamas eating popcorn as it tracked a radio galaxy across the sky. Perfection.


Radio telescopes can act as both ‘receivers’ and ‘transmitters’, sometimes switching between the two modes several times a day, or even within minutes. As with a telephone, we use the same hardware for both ‘speaking’ and ‘listening’. For a lot of this book, we will set our radio devices to listening mode and gather up the faint photons emitted from a faraway galaxy or perhaps from within our own Milky Way. These radio photons will have travelled mostly undisturbed for anything from minutes to billions of years, depending on their origin. Eventually, they strike a dish and are reflected onto the waiting antenna. When the oscillating radio waves cause the electrons within our listening antenna to move, creating a current that we then convert into an electrical signal, we can begin the business of decoding the message.


But before we begin listening to messages, we are going to strike up a conversation with our neighbours. Setting up our radio equipment to transmit a signal, we are going to venture out into our Solar System, without leaving Earth: dishes and antennas will serve as our rocket ship. When we flip the switch, sending a current through the antenna, radio waves will be generated from that strange swaying of electrons. They will course through the air, through the atmosphere, not stopping to shiver as they enter the cold depths of space, until they meet something solid enough to act as a mirror, scattering a fraction of the signal back to Earth. What reflects one radio wavelength might be transparent to another, and by tuning our telescope we can choose which partners in conversation to approach.


As we get ready to launch our radio waves, remember that there won’t be a sound, and we won’t see a beam of light burst forth. There will be no clouds of dust or flickers of flame from a rising rocket. Our antenna just sits there, seemingly doing nothing at all. But with that flip of the switch, it begins to send out waves of radio light. Almost immediately, these waves crash upon the surface of our next-door neighbour, the Moon – the first stop on our tour of the Universe.


Bouncing off the cold, cratered lunar crust, that first pulse of radio light begins its journey home, carrying with it priceless information. To our eye, the telescope hasn’t stirred. But now it has stopped transmitting, and instead it listens, trying to gather up the faintest echo of light from a Moon so near, yet still so full of mystery.
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THE MOON




Neil Armstrong: Magnificent sight out here.


Buzz Aldrin: Magnificent desolation.


Apollo 11 Mission, 20 July 1969





The days prior to 20 July 1969 were gruelling for Pat, Joan and Janet. They were prisoners in their own homes, hounded by the public and press alike if they dared open their front doors. They distracted themselves in any way they could, cleaning their houses and chain-smoking cigarettes. Perhaps they pushed away their anxious thoughts by turning on the record player, each trying not to count the seconds since the launch that had severed connection with their husbands so completely. Mike, Buzz and Neil were impossibly far away, and only getting further, on what everyone could only hope would be a return mission.


On 12 September 1962, John F. Kennedy, before an assembly of 40,000 in Texas, had announced the most audacious and ambitious technological endeavour in history. ‘We choose to go to the Moon … We choose to go to the Moon in this decade and do the other things, not because they are easy, but because they are hard.’ Kennedy had been right that travelling to the Moon would be neither easy nor cheap. Project Mercury, the first step that carried Americans into Earth’s orbit, cost the equivalent of about $2 billion today. The Apollo programme that followed would demand far more, eventually running into the hundreds of billions of dollars. There was a human cost too; three astronauts tragically lost their lives while testing the Apollo 1 capsule on the launchpad.


Despite setbacks and tragedy, NASA pressed forward at astonishing speed, each mission a chance to press closer to the Moon, to build knowledge, confidence and suspense. The crew of Apollo 10 had flown within 9 miles of the lunar surface, and now, less than a decade after JFK’s ambitious speech, NASA brought it all together and launched Apollo 11, with the intention of attempting the landing for real. Humanity now stood on the threshold of stepping onto another world and could only watch and wait. For the crew, by contrast, the three-day journey was full of activity. There were numerous tests and checks to carry out, and barely time to look out of the window. Every second was spoken for, every distraction an indulgence to be justified. Cigarettes were certainly off-limits – understandably, considering the men were sitting atop tanks of rocket fuel – but so were most other forms of entertainment.


It takes an enormous amount of thrust to escape the pull of Earth’s gravity, and the heavier the rocket, the more fuel required. Adding just a kilogramme to the mission cargo would add thousands of dollars to the budget. Vinyl albums were out of the question, let alone the heavy devices required to play them. Instead, they were treated to the newest of technologies, not available on the mass market – a compact cassette player.


In choosing the music, the astronauts shunned the harder-edged rock of the late 1960s, opting for classical pieces or folk tunes instead. Armstrong, who arguably had the more complex taste in music, chose to bring Music Out of the Moon: Music Unusual Featuring the Theremin – Themes by Harry Revel. Even the lightweight cassette players were only allowed onboard because they doubled as recording devices for notes and observations – the musicians of Earth gradually giving way to the first Moon voyagers.


Despite the soothing tones of classical music, the ever-present danger must have found a way to penetrate their minds. Journalists coupled photographs of stoic wives with morbid features describing how, if the trajectories were even just slightly off, the lunar module would either slam into the surface or drift into deep space and become a coffin. There was no shortage of terrible scenarios with which to torture themselves, for both the astronauts and their families.


For Pat, Joan and Janet, the Moon had suddenly revealed itself to be a potential enemy, a lethal desert island. This was a sudden transformation to stomach. Once vital for navigation and timekeeping, the Moon had been made obsolete in daily life by satellites and atomic clocks. It seemed to many that the Moon had few mysteries left worth solving. Yet for NASA, there remained a puzzle of the highest stakes: could three fragile human beings land on its surface – and survive?


Thinking of the lunar surface as hostile was anathema to poets and romantics, perhaps, but for the astronauts, it was an explorer’s instinct, necessary for survival. Luckily for them, Neil Armstrong, Buzz Aldrin and Michael Collins were not the first envoys humanity had successfully landed on the Moon. Before Apollo, radio astronomers had already reached across space with their instruments, probing the lunar surface. These early observations helped convince NASA, and the president, that a moon landing was possible, and with that came a heavy feeling of responsibility. When Armstrong announced that they had landed safely, then, it was not just the astronauts’ wives who breathed a sigh of relief. Before Neil Armstrong took his one small step, radio astronomers had already made a giant leap for science.


The Moon is an easy enough subject to observe. One does not have to be an astronomer, amateur or professional. It is easily visible with the naked eye, outshining the brightest star in the night sky, Sirius, by a factor of 40,000. Unlike a star, though, the Moon does not produce its own optical light. Like planets and other moons, it is far too small for the weight at its core to ignite fusion, the internal mechanism that causes stars to shine. Instead, the Moon reflects sunlight onto Earth.


One half of the Moon’s surface is always lit by the Sun, just as one half of Earth is always in daylight. But how much of that lit half we see from Earth changes as the Moon orbits us. This shifting view gives rise to the familiar phases: Waxing Crescent, First Quarter, Waxing Gibbous, Full Moon, Waning Gibbous, Last Quarter, Waning Crescent and New Moon. It is during this last lunar phase that we see just how much light is produced by the Moon itself – none. In the New Moon phase, the Moon is positioned between the Sun and Earth, such that the side facing Earth is not illuminated at all: it is right there in the sky, but optically invisible.fn1 In the radio wavelengths, however, the situation is quite different.


The Moon produces its own radio light, so the radio Moon always looks like a Full Moon. We can observe it at any time of the month, and even during the daytime, as long as it is above the horizon. But while radio moonlight is not a reflection of sunlight, there is still a connection between the two. After all, the energy to create radio waves has to come from somewhere.


Whenever matter is heated, the particles making up that matter move about more than usual. This thermal motion produces light across the electromagnetic spectrum, which we call thermal emission. Thermal emission tends to emit most strongly in longer wavelengths, which is why the police use infrared cameras to spot human bodies as they flee from the law in the dead of night.fn2 Humans, like moons, are not natural light sources. Stick us in a dark room and we do not glow. Not in the optical, anyway. In the infrared, though, humans glow like fireflies because we are naturally warm. When it comes to the Moon, that warmth comes from the Sun.


Although the Moon reflects enough sunlight during a full Moon to cast shadows on Earth, that is only 10 per cent of the light that hits the lunar surface. The other 90 per cent is absorbed. All the energy from that solar radiation heats the lunar surface, producing thermal emission that peaks in the infrared and radio wavelengths.


The properties of the Moon’s thermal emission depend on the lunar material. The Sun acts like a musical conductor, stimulating the orchestra of molecules on the lunar surface. Within the music, we can clearly pick out the instruments in that orchestra: the wavelengths and temperatures of the thermal emission reveal the composition of the lunar surface, allowing us to discern between solid rock or quicksand that would envelop any lunar lander in one greedy, dusty gulp.


In 1946, over twenty years before man first stepped on the lunar surface, physicists in the US detected thermal emission of radio waves from the Moon for the first time, and used its spectrum to estimate a temperature for the lunar surface: −50 °C.1 In thermal emission, we consistently observe a full disc. However, its brightness depends on the temperature of the Moon’s surface: the more it is illuminated by the Sun, the higher its temperature. Having observed this with infrared radiation, the radio astronomers were never expecting the thermal emission in the radio wavelengths to be constant.


A group of physicists in Sydney, Australia, began to take measurements over longer periods of time and found that the intensity of the radio light from the Moon varied along with the lunar phases, as expected. Sunlit areas can reach about 120 °C, while temperatures drop to −170 °C in the shadows. But what was strange was that the radio temperature appeared to have a three-day lag, reaching its peak three days after the Full Moon. Similarly, the radio emission was at its lowest when a crescent was already back in the sky, exactly three days after the New Moon. The physicists puzzled over this for months. It was akin to turning off an oven and seeing the temperature keep climbing for several hours.


We knew very little about the Moon back in the 1940s, and our guesses as to what it might be made of ranged from volcanic rock to green cheese. Astronomers realised they could explain both the infrared and radio observations if the lunar surface was made of two components.2 The surface layer, called regolith, would need to consist of a material that was a very poor thermal conductor, a granular mix of materials such as basalt or pumice. Its loose structure would act as a layer of insulation, reflecting infrared in tandem with the lunar phase.


The astronomers then used radio waves to effectively dig down into the regolith. The depth we reach depends on the wavelength of the radio light – so at a wavelength of 1 cm we’re sensing the light from roughly 1 cm below the surface. Just like sunlight, the spectrum of radio moonlight allows us to estimate temperature, and so we can build up a temperature gradient as we change wavelength and dig. The thicker the regolith, the better it insulates, meaning it takes longer for heat to travel down and radiate back out as thermal emission. The scientists had initially been surprised by this power of radio waves to act as a remote excavation tool. But, once accustomed to the idea, they realised that the three-day lag was short enough to suggest a thin layer of grainy regolith as opposed to a fine dust, a surface that would support the weight of a lander.


The existence of the deep, dusty sandpits that Pat, Joan and Janet might have feared would swallow their husbands was quickly ruled out. NASA could be confident that man’s first step on the Moon would be on solid ground, thanks in part to observations by radio astronomers a whole twenty years before the launch of Apollo 11.


The launch of Apollo 11 was about politicians using a futuristic space race as a proxy for war, following the embarrassment of so many space-based firsts achieved by Soviet Russia. In contrast, future Apollo missions were scientific endeavours. They deployed seismometers to measure moonquakes, and captured the solar wind in aluminium foil. One memorable experiment had an astronaut drop a feather and a hammer to demonstrate that, with the lack of air resistance in the vacuum of space, the objects hit the lunar surface at the same time (they really do, you can watch the video). Mostly, though, scientists wanted to know how the Moon had formed, and what relation it had to our own planet’s history.


The Apollo missions all landed in different areas on the Moon’s surface, in an effort to sample different geology. But the astronauts were severely restricted in how far they could travel. Apollo 11’s furthest excursion was 50 m and, even with the advent of the moon buggy, the crew members never ventured further than 10 km from their lunar landers. They had to be selective about what they brought home too as, due to weight considerations, NASA had a carry-on policy limit stricter than a budget airline. In all, the Apollo missions brought back just 382 kg (842 lbs) of moon rock, which is barely enough to fill two bathtubs, let alone share out amongst the world’s scientists.


I am lucky enough to have held samples of moon dust in my hands, having applied to ‘Borrow the Moon’ from a UK research council, but only after signing comprehensive risk assessments.3 And, to be clear, the assessments concern the risk people pose to the moon dust, not the other way around … we are far less valuable. In order to qualify for the scheme, I had to buy a new safe. And a new lock for the room that housed the new safe. Moon rock is one of the most precious commodities on Earth.


There is no question that holding a piece of moon rock, scooped up by an astronaut’s own hands, is a special experience. These samples have revealed a great deal about the geology of those specific landing sites. But imagine trying to understand the diverse geology of the Grand Canyon, the Scottish Highlands and the Siberian tundra based on a few suitcases of rocks gathered from a handful of random locations on Earth. We are asking a lot from two bathtubs full of stones. Radio astronomers, in comparison, can carry back information from our lunar visits without reference to a weight limit.


It is thought that the Moon formed after a Mars-sized protoplanet, Theia, named after the Greek mother of the Moon, collided with Earth 4.5 billion years ago. The two bodies merged in a molten mess, while the debris that got trapped in orbit coalesced to form our Moon, a perfect mixture of its parent planets. While any volcanic activity has long since died down, this dead, desolate world has the stories of its past written upon it like hieroglyphs on the walls of a pyramid. We don’t even have to do all the excavation ourselves. Impact craters from meteorites do half the job for us, while we have begun to use radio waves as a tool to dig even further.


With modern radio telescopes, we can detect the thermal radio emission of materials in individual basins and geographical features on the Moon, and discern whether these areas are composed of different kinds of rock. There is the basalt of the flat ‘seas’, a volcanic rock formed from the quick cooling of magma above the surface. These are the darker patches we see by eye on the Moon, such as the Sea of Tranquility, where Apollo 11 landed. Then there is the whiter anorthosite of the lunar highlands, formed from when ancient magma cooled below the lunar surface, before rising like a foam to the surface and solidifying. The different surface compositions and thicknesses across the cratered surface result in different levels of thermal conductivity, changing the intensity of the radio emission and the length of the lag behind the lunar cycle.


Each crater is a record of an impact, whether from one of the golf balls chipped by Alan Shepard during Apollo 14, or an asteroid. We are all at the mercy of these space rocks, which roam the Solar System, colliding with planets and moons. Earth is no exception, though thanks to our atmosphere most asteroids burn up before striking the ground. Some rocks do still get through, but the evidence of these collisions is hard to find because of the dynamic nature of our planet. Under your feet, billions of years’ worth of impacts have been, quite literally, wiped off the surface of Earth by tectonic and volcanic activity, weather erosion, the footfall of animals and the build-up of human civilisation. Even the 150-km-diameter crater associated with the asteroid that killed the dinosaurs remained hidden until geological investigations in the 1970s.


This constant terrestrial resurfacing means that 80 per cent of the Earth’s surface is less than 200 million years old. By comparison, 99 per cent of the lunar surface has not changed for more than 3 billion years. The lunar surface is a time capsule. The Moon has no wind to weather its rocks, no vegetation to smooth its surface, nor water to fill its craters. Almost all changes to the Moon’s surface are due to only two things: meteorites and man.fn3 Armstrong’s first footprint will, if subjected just to the daily sprinkling of micrometeorites, or ‘space sand’, still be there in one million years. On Earth, my footprints will last only until the next rainfall – so an hour at most, where I live.


The surface of Earth is a poor informant on the history of our planet, then. We have to dig, drill and scrape our way through the layers of geology. And even then, these layers have been subject to the pressures of time, as more dead vegetation and animal remains gather above, compressing, heating and distorting that record of our past. Above us, far from that tectonic torture, the Moon is ready to speak, an artefact from Old Earth.


So far, we have discussed the passive method of radio astronomy – detecting the thermal emission created by a celestial object. Most astronomy is passive because in most cases the star, planet or moon is the source of radio light. We set up our devices and listen, like reporters holding their recorders up at a press conference, and there is no chance to ask questions at the end. We cannot poke or prod a planet in a test tube or heat up black holes above a Bunsen burner. We must make do with eavesdropping on the gossip from a galaxy, or the soundbites from a supernova. We have to solve the puzzle with no control over when or where the next piece might come from.


But there is another branch of radio astronomy which we can use in our immediate neighbourhood, including on the Moon, an active method, where we launch our own radio waves and listen for the echoes. These radio photons enjoy a considerably quicker journey than the Apollo astronauts – 1.5 seconds – before they rebound from the lunar surface and return a mere 3 seconds after they left Earth. Barely enough time for the scientists to blink. Yet these photons are fundamentally changed by their journey. Their strength, timing and sometimes wavelength are forever altered by the alien world they have touched.


The method is called RADAR, an acronym for RAdio Detection And Ranging. It is as close as we get to experimentation in astronomy, where we, to some degree, control what we are asking: where the radio waves are directed, at what wavelength they are sent, for how long. The properties of the reflected waves describe the distance, position, shape and trajectory, even the texture and composition, of the object they strike – in this case the Moon.


Radar is so ubiquitous in daily life that the acronym is no longer regularly used, and it has earned its place in the English language as a common noun in its own right. When you are driving in your car and activate cruise control or collision notifications, you are using the cheap, portable radar antennas placed around the chassis. Every time you walk through an automatic door, it is because a radio antenna nearby has picked up the echoes produced as your body reflects incoming radio waves. Radar is everywhere because it is a cheap, effective way of measuring small or large distances between objects and mapping an area whatever the weather. It is no wonder that scientists began to consider turning our antennas away from Earth and up to the Moon.


Radar experiments aimed at the Moon were considered soon after radar became practical in the 1930s, but it took the pressures of war in the 1940s to provide the technology, expertise and funding to attempt it. In the trenches of the First World War, radio was essential for communication, while in the Second World War radar became vital for detecting incoming bombers and submarines. Radio engineers and physicists were hired in droves and trained in radar. Once released back into civilian life following the end of war, these newly anointed radar physicists had some time to consider how to apply this new knowledge. More than a few looked up and wondered how radar could further our knowledge of astronomy, and our closest neighbour in particular.


Two groups are credited with the first detections of the Moon using radar: one led by John H. DeWitt Jr in the US, and another by Zoltán Bay in Hungary. The US team operated during a post-war economic boom, while the Hungarian effort took place in a country devastated by war and occupation. Despite these contrasting circumstances, both teams achieved remarkable success in radar astronomy. It was not easy: by the mid-twentieth century, radio communication had become mainstream, so there were plenty of radio signals in the air. This had the effect of adding a constant interference to signals to and from the Moon. Imagine sitting at the back of a theatre and listening to an actor projecting their voice from centre-stage. It is easy enough when the theatre is empty, but should the orchestra begin to play, and the theatre begin to fill with the chatter of an undisciplined audience, the actor’s voice is inaudible. Sitting in the audience, we do not have the option of tuning out all the hubbub … but a radio astronomer does.


Each unwanted radio signal occurs over a certain stretch of wavelengths and for a particular duration. For example, a telephone call may last twenty seconds and be broadcast on one specific frequency. The advantage of using radar is that we can choose both the wavelength and the duration of the signal we send, and because we know our target, we also know when the echo should arrive. We know what to expect, and when, so we can use computer software to filter out signals that don’t match those expectations.


The defining characteristic of a ‘moonbounce’ is that there is the three-second delay between the transmission of the radio wave from our radio antenna and the return of the echo. In 1945, both groups of physicists demonstrated, within months of each other, that they had detected echoes with exactly this delay.4 While we might consider Neil Armstrong’s foot to be humanity’s first contact with the Moon, I’m more inclined to think of a burst of radio waves as our first envoy.


When we illuminate a target such as the Moon with radio waves, it acts like a giant, dusty mirror ball, scattering some radio light in directions far from the reach of our receiving radio dish. Those radio waves will travel off into deep space to have other adventures, of which we will never hear. In addition, as the beam of radio waves travels, it will spread out, like the beam from a torch in a dark room. The radio signal will always return far fainter than when we sent it. To pick up such a faint signal, we require large dishes to gather as much light as possible, and sensitive antennas to tease out the signal we want from amongst the noise of our society.


Historically, in Apollo times, our receiving antennas were basic, and our ability to compensate for human noise with software non-existent, so we had to shout really, really loudly: we needed powerful transmitters. The first moonbounce was achieved with a transmitter of 50,000 W, and that barely produced an echo.


Now, over fifty years on from the Apollo era, the revolution in technology and computational power has meant we have developed the antenna-equivalent of noise-cancelling headphones, and the software to filter out almost everything except the delayed radio signal we are expecting. The Green Bank Telescope now uses a radar antenna with a power similar to your microwave oven. We can hear so well we don’t have to shout at all.


Achieving a moonbounce with today’s technology is so easy that we can do it for fun. In 2014, a Dutch astronomer, his fiancée and their wedding party took over the control room of the Westerbork Synthesis Radio Telescope in the Netherlands.5 He broadcast his ‘I do’ to the Moon using radio waves, and three seconds later, the echo was received, serving as a confirmation of their union and a practical implementation of the popular phrase, ‘I love you to the Moon and back.’


A single moonbounce tells us about the patch of lunar terrain it reflects from, so, ideally, we want to gather multiple echoes from across the Moon’s highlands and craters. The ability to distinguish between nearby echoes – from two adjacent craters, for example – is known as resolution. In simple terms, it’s a telescope’s sharpness of vision. The Green Bank Telescope can now produce radar maps from Earth that compete with optical maps taken from lunar orbit.6


Radar and optical maps are not directly equivalent, though, because they sample different depths. We can take a photograph and an X-ray of the same hand, for example, and they will depict entirely different structures in our anatomy. Radio waves can penetrate to a deeper distance than optical light, as they suffer far less scattering and absorption, such that they reach depths of 10 m or more. Radar images of the Moon let us assess landing sites for returning Moon missions, as they reveal dangerous structures lurking below the surface dust, hidden from plain sight.
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