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			For all the queer kids reaching for the stars.

		

	
		
			INTRODUCTION 

			The Colours of the Unknown

            
              Me vero primum dulces ante omnia Musae, 
quarum sacra fero ingenti percussus amore, 
accipiant caelique vias et sidera monstrent, 
defectus solis uarios lunaeque labores.

              Me first before all things may the sweet Urania,
Whose rites I bear with mighty passion pierced, 
Receive, and show the paths and stars of heaven, 
The sun’s eclipses and the labouring moon.

              —Virgil

            

			When I feel down about the state of the world, about the indifference of the Universe, I always think of rainbows. Rainbows are a trick of the light that appear when light encounters rain. The colours that make up what we consider white light are made visible, as water droplets don’t scatter all the colours in the same way. And suddenly – there it is: a rainbow, traditionally described as seven stripes, indigo, violet, blue, green, yellow, orange and red. Sometimes you get a double rainbow. If you are high enough you can see it go all the way round in a circle, with no ends for leprechauns to place gold. But there is another thing that makes rainbows special and it makes my little nerdy heart leap. Nobody else sees the same rainbows as you do, even if they are standing right next to you. Light doesn’t work that way. It moves in straight lines from the rain droplets to your eyes, and to your eyes alone. The rainbows that you see are just for you. No one else in the entire Universe ever has or ever will see exactly that rainbow. I love a rainbow − and not just because it’s the colours of the flag of my people; it is a pretty thing that hides a profound truth about ourselves. That our senses don’t tell us everything. You see, a rainbow, even in its uniqueness, tells us something about the way we understand the Universe. It shows us that our senses are limited. We see sunlight as colourless. Where have these colours been hiding? They’re right there; it’s just that our eyes deceive us. Are there even more colours that we do not see? The answer is a resounding yes. 

			But the story of this book starts elsewhere. A few years ago I was at a science festival, making cocktails onstage while talking about astronomy, when I was asked if rainbows exist on other worlds. Obviously we could speculate on planets around distant stars, but we are pretty confident that other rainbows, though not quite as we know them, exist in our own galaxy. There is a moon of Saturn called Titan. Titan is the biggest satellite of Saturn, bigger than the planet Mercury. It is also the only other place in the solar system with rivers, lakes, seas and, most importantly, the only moon with rain. But it’s not the rain we are familiar with on Earth. It is far too cold on Titan for that. The liquid there is methane (and other hydrocarbons) and it rains occasionally, although not as often as on Earth. If you were in a spaceship around Saturn and you looked at Titan, you would see a hazy orange world: nothing too exciting − you wouldn’t see the lakes and rivers. But if you could see Titan in infrared, the light that is emitted by warm bodies, the clouds would suddenly become transparent and you would catch glimpses of sunlight reflecting on those lakes. Spacecraft that we have sent there have seen them. But let me take you a step further. Imagine yourself on the cold surface of Titan. It is raining and the Sun is shining through some clouds. There in the sky, using infrared, you would see a rainbow, very similar to Earth’s own but visible only to you. It’s an invisible rainbow to everyone else, but it still exists. As unique and incredible as the one that we can experience here. 

			I wanted to explore the wonder of these invisible rainbows, and more, in this book. Scientists divide light into seven broad categories: radio waves, microwaves, infrared, visible, ultraviolet, X-rays and gamma rays. Radio waves have the longest wavelength, and we have been using them for telecommunications. Gamma rays are the shortest and the most energetic. I will explore each invisible light to show how astronomers are using them to discover new wonders in the new Universe. In this book, you will hear first-hand from the people actually making these remarkable discoveries. They are there at the final frontier, unlocking the mysteries of the cosmos. They are, to me, the most exciting astronomers of our time.

			Scientific work does not exist in a vacuum; its context in the social and historical sphere where it sits, matters. For example, we cannot discuss infrared light and ignore the controversy surrounding the naming of the largest space telescope after James Webb, who was involved in the mass dismissal of homosexual people from the US government in the 1950s. This is one of many examples, showing that, while science is incredibly precious to humanity, it can also be messy and political. We have to talk about the human element. Today, there is so much to learn beyond the visible that it’s almost restrictive trying to fit it all in one book. 

			I had to make a selection. Not to be too Italian about it and bring it all down to food, but Invisible Rainbows will act as a tasting menu for what the Universe beyond visible light is like, and your complimentary cocktail will be served in the chapter about radio waves. Let’s take this extraordinary journey together. And it really is extraordinary. To experience what we’re about to learn, we would need the ability to see beyond our senses. First, we’ll be faced with what’s invisible in the things that we cannot see, before finding the invisible even in what is bright and right in front of us. But first, let there be visible light.

			What Is Light?

			Light is a spectrum, specifically the electromagnetic spectrum. The cosmos is awash with a sea of electric and magnetic fields, and we call that light. For a long time, we called light a tiny fraction of it all: the part that those of us privileged enough to see can perceive. This is visible light, or the visible spectrum. But since the 1800s we’ve known there is a lot more: infrared, ultraviolet, radio and microwaves, X-rays and gamma rays. But culturally we do struggle with this a bit. Radio waves still intrinsically feel like something that we listen to rather than observe. X-rays and gamma rays, with their links to radiation, are more often seen as dangerous particle physics. No matter the wavelength, light is fundamentally all the same. If unifying the long-wavelength radio waves with the short wavelength gamma rays is already a struggle, I’m afraid we will have to take a tumble down the rabbit hole. I won’t be asking you to believe six impossible things before breakfast. Just one more. We’ve got to accept that light is two things at once. Light is waves that travel across vacuum and transparent materials, and light is also particles, which we call photons, delivering energy to matter in discrete packets. Every type of light is both a photon and a wave. For example, we call radio waves radio waves but we can equally call them radio wave photons. The duality of light is a fact, but one so contradictory that it took thousands of years to get there. The greatest minds of humanity, from Euclid to Ibn Sina, from Dignāga to Newton, argued that light was made of (either) particles or waves. They were all half right, but before quantum mechanics they could not imagine that properties seen as opposite might coexist in the same object. Reality is a lot weirder than we think it is.
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              The electromagnetic spectrum and a few astronomical uses of the various wavelengths of light.

              Alfredo & Chris Carpineti

            

			In our experience, the whole world is a merry-go-round of colours, shades, shimmer and shine based on the smallest fraction of the electromagnetic spectrum. For over 225 years we have known that there is so much that we cannot see. For less than half that time we have discovered incredible astronomical features, thanks to our technological ability to venture beyond what is visible to us. We have begun to see the Universe not how we expected it to be, but as it actually is.

			Thanks to light beyond the visible, we will learn about the most powerful explosions in the Universe and the treasures they produce. Light was not always free to move in the Universe and it was not always produced by its inhabitants, so thanks to the invisible light we will see the first, second and third time that light shone in the Universe. Some of this light will let us discover distant galaxies and even explore the connection between the birthplace of stars and the smell of raspberries (and, yes, this is related to the cocktail!). The deeper layers of the Sun will become apparent with this invisible light, as well; we will go from the hottest objects in the Universe to the coldest. Enormous black holes, and impossibly dense spinning neutron stars. Sure, the invisible rainbows of Titan have beckoned us already, but there are so many more new phenomena out there. Certainly, the entire Universe is filled with invisible rainbows. 

		

	
		
			— C H A P T E R 1 —

			RADIO WAVES

			The Name of the Game Is Versatility

            
              Since we cannot change reality, 
let us change the eyes which see reality.

              —Nikos Kazantzakis

              Were all stars to disappear or die,
I should learn to look at an empty sky
And feel its total dark sublime,
Though this might take me a little time.

              —W. H. Auden

            

			Let us start with a recipe. We are making a cosmic cocktail with raspberry and rum. In a shaker, over ice, mix one part rum, one part raspberry syrup and one part lime juice. Shake and serve over ice in a tumbler. A mocktail alternative is almond milk and that raspberry syrup. Both are uncommon pairings, but trust me when I tell you how well they go together. The reason for that is in the molecular structure. The taste of raspberry and part of the smell of rum is caused by ethyl formate, an intriguing little molecule (you don’t have to remember this name; there won’t be a quiz at the end). What we are looking for is the right vibe. Focus on the idea of the cocktail, or make it − it’s always five o’clock somewhere, thanks to the relativity of time.

			Now, cocktail in hand, cast your mind 26,000 light years away: it’s a huge, incomprehensible distance for our little ape brain. That’s how far the centre of the Milky Way is. And there, among many incredible objects, including a supermassive black hole, there’s a molecular cloud − a big collection of hydrogen peppered with other molecules. Among them is ethyl formate. A cloud at the centre of our galaxy that almost tastes of raspberry and smells of rum. (I did say almost.) The cloud is mostly hydrogen and the most common molecule that has some flavour is a cyanide … hence the almond milk for the mocktail version. Still, it is fun to imagine a deliciously deadly cloud out there. 

			We know of these molecules thanks to radio waves. Elements and molecules can absorb or emit different types of light, and astronomers use those ranges of the spectrum to discover them. Across all the wavelengths, we’ll discover the building blocks of the Universe. 

			Giant satellite dishes popularised in movies and documentaries are often portrayed as our ‘ear’ to the sky. We are ever hopeful of listening to possible signals from extraterrestrials. We do listen to the radio. But radio waves are just another form of light, the one with the longest possible wavelengths. Radio waves are incredibly versatile when it comes to the study of the cosmos, a versatility that we will experience extensively in the topics in this chapter. But the origin of radio astronomy comes from the way it was used by our species at the beginning of the last century to communicate wirelessly. Antennae were built far and wide to bridge the distance that separated countries and people, and from this revolutionary development came the discovery of something else. Something incredible.

			It is the early 1930s and our protagonist is Karl Jansky. He was working at Bell Labs in New Jersey studying the radio emission in the atmosphere. He discovered that the emission came mostly from nearby or distant thunderstorms. But there was also a ‘hiss’, a faint static of unknown origin which repeated every twenty-four hours. Well, not twenty-four hours exactly; every 23 hours and 56 minutes, to be precise. The devil is in the detail, as the saying goes. The Sun shines directly above each specific place on Earth every twenty-four hours. That’s a solar day: the one we use. However, a star will reappear over the same position every 23 hours and 56 minutes, since the Earth has moved around the Sun a little over that day. This is known as a sidereal day.

			And so, Jansky realised that the signal was coming to us from space, specifically from the direction of the constellation of Sagittarius, from the very centre of the Milky Way. After the detection was announced, the American public was lucky enough to hear the hiss broadcast on 15 May 1933 − with Jansky explaining that it came from well beyond the solar system. It was explained that the source was millions and millions of times more powerful than any radio station on Earth. Across the Atlantic, just days apart, something else was going on. The biggest book burning of the Nazi regime took place in Berlin in what is now known as Bebelplatz. It is estimated that 20,000 unique volumes of studies on intersex, gay and trans people were burned after a raid on Magnus Hirschfeld’s pioneering Institut für Sexualwissenschaft (Institute for Sexual Science). Many thousands more volumes were burned that night, things that were considered un-German and immoral. That included volumes on Einstein’s general relativity. 

			Einstein’s work was referred to disparagingly by the Nazi regime’s scientists as ‘Jewish science’. Still, Einstein’s theory was correct. Relativity itself was the key to solving the mystery of the hiss. The culprit turned out to be a supermassive black hole weighing 4.3 million times the mass of the Sun, sitting placidly at the centre of the Milky Way. In contrast to the persecution mentioned above, an international collaboration was formed to unravel this particular cosmic mystery, bringing us to the Event Horizon Telescope.

			A Telescope as Big as the Earth 

			There is a wonderful property of light that is exquisitely exploited in radio astronomy. It’s called interferometry and it allows us to make telescopes act as if they are much bigger than they actually are.

			If you have two radio dishes a certain distance apart studying the same object at the same time, you can combine their observations. The result would be as if you were seeing that object with a telescope the size of the distance between the two. This is why you often see radio antennae in groups: you get more out of them. But our supermassive black hole, which we call Sagittarius A* (pronounced A-star), is very far away. It would be like seeing a doughnut or a bagel on the surface of the Moon. So you need a big telescope, one as big as the surface of the Earth. Radio telescopes from Greenland to the South Pole, from Europe to South America, and later, with the addition of Africa and Hawaii, looked towards the hiss and finally saw its shadow.1 The doughnut or bagel analogy is a fitting one. The shadow is a bright emission surrounding a dark core, so very doughnut-like. For Sagittarius A*, the whole doughnut fits well within the orbit of Mercury, which has a diameter of 116 million kilometres. The image might look out of focus, but it allowed for the testing of some of the predictions of the theory of general relativity. All thanks to this international cooperation, which is just one of many in science. Working together has allowed humanity to transcend not just its limits, but even the limits of the instruments we have built to overcome them.

			Human ingenuity is awesome, but there is the obvious underlying question: what the heck are we looking at when we look at Sagittarius A*? If you think black holes are by definition black, you’d be absolutely correct. Nothing escapes a black hole, not even light, and that is the fastest thing that exists in the known Universe. Basically, a black hole is an object whose gravitational pull is so strong that its escape velocity is greater even than light. With this in mind, it’s easier to put a boundary around the black hole, which we call the event horizon. Once you cross the event horizon, you would have to move faster than the speed of light to be able to escape. As far as we know, that’s impossible, so what goes into the black hole doesn’t come out. These objects are fascinating and remain utterly mysterious because, at their very hearts, our physics fails. General relativity and quantum mechanics are pinnacles of human genius, but they do not work together in extreme events such as black holes or the Big Bang. Despite these limitations, scientists are exploring new theories, set to revolutionise once again our understanding of the Universe, its past and even its future. 

			But theories require observations both as a springboard to new insight and as a testbed for their prediction. And given that we can’t really make a black hole in our backyard (or at CERN, as some conspiracy theorists believe), our best option is to look at black holes in the heavens. I sat down with Dr Sthabile Kolwa (she/they) to learn more about that. Dr Kolwa is a lecturer at the University of Johannesburg, studying galaxies and supermassive black holes with cutting-edge observatories such as MeerKAT – an array of sixty-four radio dishes located in South Africa. Dr Kolwa is brilliant – we have met multiple times in person and digitally − and each time I am in awe of their confidence in speaking, whether they are talking about science or what’s good to eat in an Indian restaurant in Cape Town. Dr Kolwa explained:

			The emission that comes from black holes is detected over different wavelengths or energies of photons, spanning all the way from X-rays down to the radio. But the radio [emission] is particularly important because this is light that is not impeded or attenuated by dust. You’ve got dusty grains in a galaxy. Optical light will be blocked. We won’t see it. Ultraviolet light will be blocked. But the radio waves will happily go through the dusty regions. 

			Their work with MeerKAT is cutting-edge, and the observatory, which is, unsurprisingly, the pride and joy of South Africa, has provided incredible results. Among the many results, it detected the extremely faint signals that provide the best view of the central region2 of our galaxy yet – the few thousand light-years at the heart of the Milky Way. Right in the middle, surrounded by fast-moving stars, swirling gas clouds and peculiar magnetic structures, sits 

			Sagittarius A* in all its majesty. Not bright enough to be studied outside radio wavelengths – we will discover throughout this book that the effects of a black hole’s activities can be seen but not the black hole itself. And yet, even the quintessentially unseeable object cannot escape its relationship to the wider Universe. To misquote the poet and cleric John Donne, no celestial body is an island. 

			The Event Horizon Telescope looked at many objects, but two targets were different. One was our very own Sagittarius A*; the other was the supermassive black hole at the centre of elliptical galaxy M87 (known now as M87*). For these two targets, the virtual observatory sought the shadow of a black hole. If the name alone invokes some sci-fi movie, the explanation for it is even further beyond our experience. Einstein’s work showed that mass curves space-time. The larger the mass, the larger the curvature. Dense objects can warp space-time so much that they act like magnifying glasses. The light of background objects can become magnified, allowing humanity to see even further into the Universe than possible with our instruments alone. Stars, planets, galaxies and clusters of galaxies are able to create this effect. And, of course, black holes as well. So rays of light that by chance are passing near one of these celestial plugholes are deflected by the extreme gravity of the black hole. A ray of light going straight to the black hole would be sucked in, but if it were to pass just shy of it, it would experience an incredible warp. This warped light creates the so-called photon ring, which depends strongly on how heavy the black hole is and how fast it is spinning. This photon ring is the ‘shadow’ cast by the black hole and is seen so beautifully in the case of M87* and Sagittarius A*.

			If the only result from the entire field of radio astronomy was a single glimpse of the shadow of a supermassive black hole, all the work, effort and investment would have been worth it. But radio astronomy has versatility and advantages we do not see in other wavelengths. The achievement of the Event Horizon Telescope is certainly epochal, but radio waves also allow us to study planets and galaxies, dangerous asteroids, and search for intelligent life beyond Earth. Extreme objects and whole cosmic regions are accessible thanks to radio dishes spread out across the surface of our planet, on every continent, making it a truly global endeavour. 

			‘Radio astronomy is particularly important because when we consider the electromagnetic spectrum, there are only two main observational windows that Earth’s atmosphere provides us with,’ Dr Kolwa readily answered my question on the importance of this discipline. They continued: 

			Very high energy radiation, such as gamma rays and X-rays, is not able to get through the atmosphere, which is great for us. We’re alive because of that. And also some infrared wavelengths are blocked. That means observing specific parts of the electromagnetic spectrum requires us to go to space. But for radio wavelengths, we don’t have to go to space because the Earth’s atmosphere is entirely transparent. There is a limitation in terms of time as well. Even though the Earth’s atmosphere is transparent to optical wavelengths, you cannot observe during the day. Radio telescopes allow you to observe at any time of the day, unlike optical telescopes.

			Astronomers believe that at the centre of almost every galaxy there is a supermassive black hole, just like Sagittarius A* sits at the centre of the Milky Way. There are different types of black holes, so there’s a specific definition of supermassive. That’s a black hole weighing between 100,000 times the mass of our Sun and tens of billions of times. M87* weighs 6.5 billion times our little yellow star. If you are wondering why we say ‘almost every galaxy’ – it’s a get-out-of-jail-free card for our limitations. There is still plenty we do not understand, but as far we have found, each galaxy has its own supermassive black hole, and each one influences the others enormously. Galaxies are more than a simple collection of stars. They are changing, evolving organisms, equal parts familiar objects of cosmology and majestic mystery. In fact, calling them organisms is a shorthand − a little sci-fi extension of James Lovelock and Lynn Margulis’s Gaia hypothesis – the idea that life on our own planet is so linked that the whole Earth can be considered an organism. It is not a completely unsound analogy. Galaxies breathe in intergalactic gas, and exhale jets and winds of plasma due to the actions of their supermassive black holes. They eat smaller galaxies, growing and changing. The influx of pristine material from the small galaxy absorbed in a galaxy merger revitalises the bigger one; new stars are born, and the supermassive black hole receives fresh food to feed on. This is enough to generate those jets and winds: black holes are messy eaters, spewing part of their meals back into intergalactic distances where they came from. Nothing escapes the event horizon of a black hole but, as you approach it, you might end up propelled on a trajectory sending you far beyond and into intergalactic space. These galaxies with active supermassive black holes are a favourite focus of so many observatories on Earth and in space. You want to be where the action is. And to those catalogues of data, radio astronomy is adding so much more. It sees what the other wavelengths cannot. 

			‘The fields that we are now pointing the MeerKAT telescope at already have plenty of multi-wavelength detections. The new and sensitive radio detections we have will be a complement. And when we combine all of those together, we’ll be able to obtain very powerful data sets that allow us to study galaxies and galaxy clusters in exceptional detail,’ Dr Kolwa continued. 

			One thing to love about astronomers is how they talk about future observations. They are always in need of a bit more time, a bit more observation and a bit more insight, and then they would be able to make that prediction and reach that correct understanding. And as you contemplate the intrinsic ignorance of our species, they hit you with a ‘by the way, we have discovered this incredible revolutionary thing’ as they continue on their genuine Socratic plea of how little we know. As if to prove my point, Dr Kolwa continued: ‘One of our big discoveries was giant radio galaxies. They’ve got huge radio jets that are extended over millions of light years. Very exceptional and unusual. But previous surveys were not able to see them simply because the sensitivity and resolution were not at the right level.’

			These galaxies have supermassive black holes active long enough to throw jets of material for millions of years into intergalactic space. These jets emit radio waves, and from the end of one lobe to the other they are as wide as tens of Milky Ways lying next to each other. Using the word ‘giant’ still doesn’t feel adequate enough to describe a single galaxy having such an enormous effect on the Universe.3 And yet these leviathans were completely unseen for a very long time. Only the capabilities of the new generation of telescopes brought them into view and to our knowledge.

			This is just the beginning of a deeper understanding of radio galaxies. MeerKAT was designed as a precursor of the Square 

			Kilometre Array Observatory (SKAO), an intercontinental radio observatory with telescopes to be built in South Africa and Australia. It will be completed by 2027, heralding even more discoveries in the radio sky. I travelled to see MeerKAT and saw the beginning of SKA-Mid, the South African site of SKAO that is an extension and upgrade of MeerKAT. It was an incredible opportunity and I felt immensely lucky that I got to experience that. To get there we had to fly on a tiny plane (smaller than you think) and land on a private airstrip with an ambulance waiting at the end just in case. We couldn’t have any electronic devices on during the tour, as the antennae are incredibly sensitive. That day was the longest I’ve been without a mobile phone in at least fifteen years. I did not have a sudden realisation that technology was evil, though. Actually, quite the opposite. I was in the midst of a nature reserve with one of the most advanced observatories on the planet, inspired by how SKAO has worked with local communities, Indigenous people and international science institutions to do the work it is doing.4

			To Make a Black Hole from Scratch You Must First Invent the Universe 

			The processes that take place within and around black holes are shrouded not just in dust but also in mystery. Even their formation is not exactly clear. To make a black hole you need only have a lot of material compressed in a small enough place. I know, I’m making it sound easy, so let’s add complications. First, things tend to get close together under gravity, but gravity is the weakest of the four known forces of the Universe. We experience it as a major one, but that’s just because the Earth is very big compared to us ‘specks upon a ball’. Electromagnetism and the strong and weak nuclear forces are much stronger. So even after gravity clumps stuff together, the other forces at the level of atoms keep things apart. Our planet can’t spontaneously collapse into a black hole. To overcome those stronger forces just from a sheer amount of gravity, you need to pack a truly stupendous amount of matter in a single body very quickly. This is one of the scenarios to explain how supermassive black holes came to be: with giant clouds of gas 100,000 times heavier than the Sun, which cooled down and condensed into a single object.

			The pull of gravity brought the gas together in a free fall, acquiring such momentum that it was unimpeded by other forces. In this way, the cloud turned into a supermassive black hole seed. Recent evidence does not favour this traditional hypothesis.5 The preferred explanation at this time is that you still start from a big cloud but the cloud doesn’t directly make a big black hole; it makes massive stars, much, much bigger than the Sun (we will talk about them in the ‘Ultraviolet’ chapter). In stars, gravity is counterbalanced by the energy released by nuclear fusion from the core but, eventually, the fuel for nuclear fusion runs out and gravity rules once again. The collapsing layers of the star gain momentum, eventually slamming into one another with such energy that the star explodes. This is a supernova. It would take the Sun 10 billion years to release the same amount of energy of a typical supernova. In the early Universe, these supernovae were even bigger and more powerful, creating what are now suspected to be the true seeds of supermassive black holes. In the current Universe, a supernova might end up forming (small) black holes or neutron stars, the other type of extreme object in the Universe. The difference comes from the fact that the stars used to be bigger. The elements that make us actually help in cooling down gas faster, making the protostar condense more quickly. Those elements are created in stars, so the first stars grew to bigger sizes. Bigger stars burn their fuel more quickly and end up in more dramatic explosions.

			If a star that is about to go supernova is between roughly eight and twenty-five times the mass of our Sun, the energy of the collapsing stellar material is not enough to create a black hole. It will create a neutron star. However, you shouldn’t be disheartened. Neutron stars are equally weird and important in radio astronomy. These stellar objects pack about 1.5 times the mass of the Sun, in a sphere smaller than most cities. The density is so high that a teaspoon of neutron star material weighs the equivalent of a mountain on Earth and the gravity is so high that mountains on neutron stars are a few millimetres tall.6 Incredibly compact as they are, they were thought for decades to be too faint to be seen by telescopes. It wasn’t until 1967 that Italian astrophysicist Franco Pacini hypothesised that if neutron stars were spinning and had strong magnetic fields, they would emit radio waves. At roughly the same time, in Cambridge, astrophysicist and all-around legend Jocelyn Bell Burnell (then a Ph.D. student) recorded – with a radio telescope she helped build – a mysterious repeated signal. That was the first recorded observation of a neutron star. It was a particular type, pulsating in radio waves, and it was given the name ‘pulsar’. Pulsars are often pictured as cosmic lighthouses. The strong magnetic field creates a beam of electromagnetic radiation, and, as the neutron star spins, this beam might appear and disappear from our view, just as with a lighthouse, if lighthouses were the densest and most magnetic stellar objects in the Universe. Once again, we are walking along the shores of the unknown. Physicists from many fields are interested in neutron stars because their behaviours, properties and effects go beyond the simple astrophysical object. A neutron star is made of neutrons (the name slightly gives it away), which are particles that sit at the core of elements and have no electric charge. The properties of these particles are fairly well understood, but the jump from a neutron to an entire star composed of them is not obvious. For example, material in a neutron star is expected to aggregate itself in peculiar formations which scientists have nicknamed nuclear pasta because they look a little bit like pasta: spaghetti, gnocchi, lasagne, etc.7 So, you see, astronomy truly lends itself to having recipes.

			Neutron stars are a test bed for physical theories, and this role extends beyond the realm of the neutrons. One such test was about general relativity. An important prediction of Einstein’s magnum opus is that a system made of two massive objects orbiting each other very closely should emit a lot of gravitational radiation. Everything with mass emits gravitational radiation but, since gravity is so weak, the effect is only noticeable when the gravitational interactions are extreme. Imagine the surface of a pond. An insect or a duck swimming would disturb the water in different ways, but both do. Thanks to this emission, the objects in this system would get even closer, losing orbital energy, until they merge. In 1974, astronomers Russell Hulse and Joseph Taylor discovered the pulsar PSR B1913+16 and its companion, a neutron star. The two dense objects orbit each other in less than eight hours. Pulsars’ pulses are an extremely accurate clock − they can compete with atomic clocks – so astronomers can do amazing things with the densest timekeeper in the Universe. For example, by calculating variations in the PSR B1913+16 system, Hulse and Taylor discovered that, slowly but surely, the system is getting closer together. The system loses about seventy-six microseconds per year, getting a handful of metres closer to each other. At this rate, it would take 300 million years before they merge, and yet they are releasing an astonishing amount of gravitational energy: more than the most powerful atomic weapon ever built released in a single second. And this is just in approach! When these two stellar remnants (or two stellar-sized black holes) merge, the power would be a million billion billion times bigger. 

			What happens to the neutron stars is a matter for a later chapter, but let’s stay on the gravitational radiation. Just like electromagnetic radiation, gravitational radiation moves as waves. We are awash with these waves, as they stretch and contract space-time all around us. But the effect is tiny, a fraction of an atom. Even to see the effects of a collision between dense objects, scientists and engineers had to build enormous laser interferometers. Within these machines, a laser beam is split in two and the two beams are sent in two different directions 90 degrees from each other. At the end of each arm, they hit a mirror a few kilometres away and they are reflected back. The setup is such that as long as the distance between the two arms is the same, the two beams should cancel each other out. But if a gravitational wave was passing, one of the arms might be slightly longer or shorter than the other. Theoretically, at least, that is the plan. But, obviously, vibrations in the mirror, in the lasers, in the building, etc. mess up things a little bit.

			When I visited Virgo, the gravitational wave observatory in Tuscany, I learned how the whole system is affected by waves crashing on the shore twenty kilometres away. The same sea of my youthful summers is now a cosmic nuisance. Researchers had to construct superattenuators to reduce the seismic effects (quakes, waves, cities and people) by a factor of a million billion: an engineering feat that led to the detection of a collision between small black holes, neutron stars, and even a neutron star and a black hole. As we have mentioned, everything is releasing gravitational waves, so there should be a turbulent background that permeates the whole cosmos. Our detectors are not sensitive enough to see this extremely weak signal. To observe such a signal, one would need something a lot more sensitive, a much longer detector. 

			How about one as big as the galaxy?

			Surfing the Space-Time Waves

			We have seen how pulsars are one of the subjects of study of gravitational wave research. Now we are going to discover that they can also be the instrument with which to study gravitational waves. They are not just emitters. They can also work as detectors. Radio astronomers worked out that it is possible to construct a gravitational wave detector using pulsars. This detector will not be picking out the single events like Virgo, but the constant underlying humming of our Universe: the waves of the supermassive black holes, binaries − approaching each other after their galaxies have collided − and even gravitational waves left over from the Big Bang or its immediate aftermath, a period called cosmic inflation. While the idea is extremely sound, the execution is difficult. The project is known as the Pulsar Timing Array (PTA). For the PTA to work, we need to know their pulsation timing with staggering precision. Gravitational waves in our earthly detectors create variations of just a fraction of an atom over the space of kilometres. The one being hunted with the PTA has even longer wavelengths, so you need the galactic distances. That’s where the precision comes in. It allows us to monitor the space-time between us and the pulsars for gravitational waves. An extraordinary feat, and let me tell you that it is not an easy task. To find out more about it, I talked to Rami Mandow (he/him), a graduate researcher from Australia working in the Parks Pulsar Timing Array Project. Mandow explained: ‘Every pulsar itself has a very incredible and very unique journey to tell us about and a very unique story to tell us about. They’ve got their own unique set of parameters. They spin differently at different speeds. They’ve got different sorts of oriented magnetic fields. They’ve got different binary companions.’ 

			His enthusiasm for PTA is contagious. He is so knowledgeable and affable, sharing insight into this international work, some of which is truly mind-blowing. First and foremost, pulsars have been instrumental in expanding our idea of stellar evolution, the composition of the space between stars, and testing out our most advanced theories. 

			Mandow continued:

			We’re kind of lucky that we have found these objects because they have revolutionised our understanding of the Universe just in the space of fifty-five years. First of all, we can learn about the intrinsic details of the neutron star itself; things like how fast it’s spinning, how powerful its magnetic field is, how big it is, and where it is located around the galaxy. We can learn about binary companions and the systems that they’re in when they’re orbiting each other. We can actually use that as a laboratory for general relativity as well! Also, their signals propagate through the interstellar medium and are affected by it. So we can learn more about that interstellar medium component as well through these signals of the pulsars. So there’s quite a bit we can do with them!

			As I have mentioned, the signal from pulsar repeats with high regularity, but our measurements of it need to have a precision that rivals atomic clocks timekeeping, which we are close to getting. So far, astronomers have found strong evidence of a signal, but they are not yet calling it a discovery.8 This means that the chance that detection is true and not just random noise is very high, but not quite as high as the scientists would like.

			More work is needed to get to that incredible high precision demanded for the confirmed detection. That notwithstanding, the PTA is so sensitive that it can measure the mass of the planets in the solar system9 and their effects on the barycentre of the solar system. That is the point around which all the planets orbit. It might surprise you, but it is not inside the Sun. Our star, responsible for all life on Earth, contains about 99.86 per cent of the mass of the solar system. Jupiter is slightly less than one-thousandth of the Sun but is far enough away to drag the barycentre just slightly outside our star. You don’t need the PTA to work that out, but the fact that the motion of the planets can be seen in the data collected by pulsars tens of light-years away really showcases the ability of the approach and their scientists. One of the requirements for the PTA is a large number of pulsar observations. You can’t do it with just a couple of them. To probe the extremely low frequencies of the gravitational wave background, you need many pulsars and you need to know them extremely well. 

			Mandow continued: ‘By using these pulsars across the galaxy spread across the whole sky, we look for a correlated signal among them all: the gravitational wave background. And it’s the only way that we can currently search for that type of signal: the nanohertz regime, the frequency of the signal itself. We need pulsars to do that. It’s really important that we have pulsars!’ Radio observations are crucial to it. There is a secret that is neither known nor discussed outside the field: radio waves are crucial to the discovery and characterisation of pulsars, but we do not know how those radio waves are released. It was Dr Bradley Meyers (he/him) from Curtin University in Perth, Australia, who revealed the ‘secret shame’ of pulsar astronomy. When I contacted Dr Meyers I had other questions in mind, but this bombshell needed to be shared far and wide, something that we joked about.

			‘We’ve known about pulsars for like fifty-plus years now. It’s quite the embarrassment that we really don’t know the physical mechanism that can generate the coherent radio emission that we see,’ Dr Meyers explained. 

			Beyond the revelation, it was a fun and honest conversation; we are not under the illusion that science is flawless or all-knowing. ‘There are many theories, of course, and lots of them are good at explaining specific phenomena. They can explain a handful of properties of radio emission, but they completely fail on another. Or they are really good at one thing and can’t do anything else. So that’s still an unsolved problem within pulsar astronomy. It’s always one of these funny things that unless you’re in the field, you kind of don’t know. You don’t realise that we don’t know what is actually going on.’ 

			I feel that this should be more widely known, not to shame pulsar astronomers, but to showcase how science is a race against our ignorance. Sometimes, even after decades, the ignorance persists. I find it very human to not know, and it is equally human to propose different solutions, even though they only partially explain what is going on. I like to see it as so quintessentially human to keep on observing and studying these objects in radio waves even if we don’t know how they produce the very light that makes them discoverable to us. We will get there when we get there.

			Even without knowing how this sausage is made, astronomers ought to look at their radio emission. Dr Meyers has been conducting some interesting observations. He looks at the rainbow of radio waves that you get from the pulsar. In less poetic terms: how the same objects’ radio emission depends on the frequency at which they are being observed. An interesting class of objects is intermittent pulsars: neutron stars that behave like pulsars for a period, then turn themselves off, and after a while turn on again.

			‘Pulsars behave differently at different frequencies. Understanding how their emission, and what their phenomena look like, and comparing and contrasting them to the classical higher frequencies where most pulsar surveys happen, is really interesting. You see lots of these different phenomena that are there but maybe behave slightly differently,’ Dr Meyers explained. ‘I looked at a pulsar that is called an intermittent pulsar. So, it’s one of those that’s on and then all of a sudden it’ll turn off, but it’ll turn off for, like, hours or days and then come back on again as if nothing happened. I looked at that at multiple frequencies.’ Meyers found that many phenomena associated with pulsars don’t care massively about frequencies. They are what we would call broadband: the general behaviour doesn’t matter on frequency. That means that if it happens at one frequency, it is happening at the others, too. Well, roughly. There are some details that are important. The phenomena behave the same but do not look the same. There are specific changes that happen at specific frequencies. Dr Meyers’ work has been studying at those established behaviours and seeing how they look in the radio rainbows. Who knows, maybe the answer to how pulsars make radio waves comes from a more holistic approach to their emission. As I mentioned earlier, radio waves see processes that cannot be seen in other wavelengths, making this portion of the electromagnetic spectrum crucial to our understanding of the Universe. 
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