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Those who dwell, as scientists or laymen, among the beauties and mysteries of the earth are never alone or weary of life.


Rachel Carson, The Sense of Wonder, 1965




The universe is made of stories, not of atoms.


Muriel Rukeyser, The Speed of Darkness, 1968




Practise any art, music, singing,
 dancing, acting, drawing, painting,
 sculpting, poetry, fiction, essays, reportage,
 no matter how well or badly,
 not to get money and fame, but to experience becoming,
 to find out what’s inside you, to make your soul grow.




Kurt Vonnegut, Letter to students of Xavier High School, 2006









Contents


About the Author


Title Page


Copyright


Dedication


Introduction: What’s the Point of This?




1. Why Is the Sky Blue?


2. Why Don’t Things Fall Up?


3. Why Does Ice Cream Melt?


4. What Is the Smallest Thing?


5. What Are Stars?


6. Are Fish Animals?


7. What Am I Made of?




Appendix


Acknowledgements






Introduction


What’s the Point of This?


‘Why?’ seems to be my daughter’s favourite word at the moment. She’s just turned three and, like most children around this age, is capable of following up any answer I give her with another ‘Why?’ and then another and another. This incessant questioning can sometimes be exasperating, but I usually enjoy seeing how long I can go on responding to her before I run out of answers. It probably helps that I’m a science teacher and I’ve found that she listens quite intently if I talk about photosynthesis when she asks about leaves, or the water cycle when she asks about clouds. No matter how detailed my answer, though, she always seems to have a follow-up question.


At this point, if I was looking to score easy points with you, I might have written that ‘children are born scientists’. This is something that sounds profound, and maybe even makes your spine tingle a little, like the best aphorisms do. But it’s just not true. I’d go as far as to say that it’s an insidious idea because it suggests being scientific is an ability we somehow lose as we grow up, instead of one that requires very specific nurturing to develop. I have taught hundreds and hundreds of children, many of whom have grown up to become scientists, but I can confidently assert that none of them were born with the knowledge, or particular set of intellectual and practical skills, which the role requires.  


Young children are naturally curious, and have an innate desire to learn more about the world around them. The insistent ‘Why? Why? Why?’ that most parents of toddlers are familiar with, is their way of expressing this. But, let me stress again, they are not born scientists. Just as anyone who might have an aptitude for art or music or writing needs some form of teaching, and practice, to become really good at these things, children with a natural urge to understand how the world works need to develop, and practise, a ­distinct set of skills. 


Another mistake is to think that science is simply a refined form of ‘common sense’. In fact, to ­understand scientific explanations for natural phenomena, we often need to overcome our intuitive ways of thinking about the world. But what is certainly true is that, without questions, there would be no science. At its heart, science is a process by which we find answers. 


This is a book for anyone who is curious. It’s a book for anyone who didn’t understand science at school, anyone who simply didn’t like their science lessons, or was left bored or confused by them. This is a book for anyone who, when faced with a question about the world around them, has wished they could remember more of what they should have learned.


Most ‘popular science’ books, which attempt to explain scientific ideas, are written by scientists or former scientists. In my experience, these books are often written with an assumption that the reader already has some basic knowledge, and is interested and motivated enough to want to deepen it. I’m a secondary school  science teacher, and I’m bringing the perspective of someone who has spent much of the past twenty-five years trying to explain science to people who don’t understand it at all, and sometimes have little inclination to try. I have a lot of empathy for such people because, until the later years of my secondary education, I was one of them.


The questions in this book are ones that many young children ask, and are deceptively simple. Like fast food, fast explanations to questions such as ‘Why is the sky blue?’ and ‘What am I made of?’ are rarely ­satisfying; they often rely on making dangerous assumptions about what people already know, and can lead to confusion and misunderstandings later on. In giving my answers to the seven questions in this book, I hope to take you on a journey through the ‘big ideas’ of science, which any decent school science education should cover. 


Along the way, I’ll remind you about the science of everything from atoms to cells to stars, as well as ­showing you the power and beauty of scientific achievements like the Big Bang Theory and evolution by ­natural selection. I’ve used explanations that I’ve honed over many years of teaching, taking into account the most common misconceptions and intellectual hurdles that prevent people from grasping key ideas. I’ve also included descriptions of some of the ­experiments and practical experiences that a good ­science education ought to include, as well as some of the stories which best illustrate how scientific discoveries are really made, as opposed to simplistic narratives of lone geniuses and single moments of inspiration. 


The most important question I have to answer as a teacher is: ‘What’s the point of this?’ I could point out that the society we live in is built on the fruits of ­science – from the electricity that powers our lives, to the ­technologies that keep us connected and ­entertained, to the medicine that allows us to survive illness and disease and live longer than ever before. I could also tell you that it’s important to understand science so that you can make sense of issues like climate change and stem cell research, and make well-informed decisions when these matters become the focus of political decisions for which you have a vote. 


I could tell you that science plays a crucial role in helping us deal with many of the problems we face as a species, from preserving the environment to ensuring there is enough food for everyone to eat. While these are all important reasons why science is given such a prominent place in education systems around the world, they are not really why I took an interest in science myself, or why I think everyone should have the opportunity to learn about it. 


For me, there are two main reasons why everyone should be entitled to a good science education. First, it is a uniquely powerful ‘intellectual toolkit’ for helping us to make sense of the natural world. Second, and perhaps more importantly, it is a cultural activity with which all of us should be able to engage, and indeed contribute to, should we wish. I think science comes from the same thing that drives us to make art, music and literature – our response to being alive, existing in this world, and the urge to make sense of it and share what we have understood with others. Science is not only for those who want to become scientists, just as art is not only for those who wish to become artists; it is a human endeavour that enriches all our lives. 


Scientific ideas and discoveries have the capacity to elicit awe and wonder from us, and I hope you will experience that in the pages of this book. But I think the real joy of science is to be had from an understanding of it that is genuinely meaningful and ­useful. For that, you need to start with the basics, simple models that you can get your head around and apply to the world around you. That’s what I’m hoping to do with this book – to introduce you (or remind you about) the scientific ideas you should have learned at school, so that you can provide truly satisfying answers to questions like ‘Why don’t things fall up?’ and also have the confidence to be unashamed about saying, ‘I don’t know, that’s an interesting question, how can we find out?’


This book is by no means a definitive guide to ­science, not even to the science that is covered in schools. Instead, it’s a journey through some of the key ideas, which I hope will give you a taste for more, in the same way that listening to a song you love for the first time might give you the urge to listen to more songs by the same artist, or reading a great book makes you want to read all of that author’s work. This is my attempt to write a popular science book for ­people for whom science was not popular, for anyone who wants to give science a second chance to make sense. 




Chapter 1


Why Is the Sky Blue?


Trying to answer the question ‘Why is the sky blue?’ takes me to the heart of what this book is about.  I believe that a brief answer can only, at best, provide an illusion of understanding unless the person asking the question has a fairly good grasp of the physics they should have learned at school. What I hope to do is give you enough understanding of the science to start using this wonderful and powerful way of making sense of the world for yourself. 


Let me show you what I mean – here is the short answer provided on a website for parents and educators: ‘Sunlight reaches Earth’s atmosphere and is scattered in all directions by all the gases and particles in the air. Blue light is scattered more than the other colours because it travels as shorter, smaller waves. This is why we see a blue sky most of the time.’


There is nothing incorrect about this statement, but if I didn’t know any physics, I might wonder what it meant for sunlight to be ‘scattered’ and how the particles in the air (if I even knew what ‘particles’ were and that they existed in the air) made this happen. I wouldn’t necessarily  know that there are different colours of light in sunlight, and I doubt I’d understand what ‘travels as shorter, smaller waves’ meant or why that was relevant. The website authors do go on to try and explain some of these things, but my point is that an answer can be correct without being much use to the person asking the question. 


Here’s another short answer (this time from someone on Twitter, where people are limited to using just 280 characters): ‘Light is made of lots of different colours. Which is why we get rainbows. The light bounces around in the sky and blue bounces around more than the other colours making the sky look blue.’ I rather like this answer – I think it’s better than the previous one because it doesn’t use technical terms or introduce unfamiliar ideas like scattering and waves. But since I have more than 280 characters to play with, I’d like to give you an answer that, I hope, will give you a deeper level of understanding and be ultimately more satisfying.


I think a good place to start is by pointing out something that may be obvious – the sky isn’t always blue, it’s pretty much black at night-time, it can be many shades of red at sunset, and for long periods of the year in ­England it’s grey during the daytime. To understand why the sky can be all these different colours we need to know a little about light, and how it allows us to see things. 


Light is a thing. It turns out to be not quite like any other thing, which has made it a very difficult thing for scientists to understand. You may have been told that light ‘is a wave’, or perhaps you’ve come across the idea that it’s made of particles called ‘photons’, or maybe you’ve even read somewhere about ‘wave-­particle ­duality’, which says that light is both a wave and a particle at the same time. These scientific ideas can all be useful when trying to explain the different things that light does, and putting them together to understand what light is has led scientists to some mind-boggling conclusions about the nature of space and time. I’ll come back to wave-particle duality later in the chapter but first, like we would in school, let’s cover the basics. 


One of my favourite words in the English language is ‘luminous’. Like many parents, I think my children are luminous but, in the strictly scientific sense, the word is used to describe objects which give off light. The Sun, candle flames and lightbulbs are all luminous objects – in other words, they are sources of light. Things like the Moon, and indeed my children, are not luminous because they do not give off their own light. We can see luminous objects because the light they emit travels into our eyes and makes our brains do whatever they do to produce images in our minds. I like this as a good basic description of light: 


Light is something that travels out from luminous objects and interacts with any object in its path.


It can seem that light does not actually travel, but somehow instantaneously fills space whenever you turn on a lightbulb or light a match. This is because light ­travels incredibly fast, at a speed of about 300 ­million metres per second (or, as I like my students to remember it,  three times ten to the 8 metres per second, 3×108 m/s). This is the speed at which light moves through empty space, and pretty much the same speed it goes through air. If we could travel this fast, it would take less than two-hundredths of a second to get from London to New York, so we cannot ­possibly notice the time it takes for light to get from one side of a room to the other when we turn on a lamp. 


I am writing this at my desk at home, where there are three sources of light – sunlight through my window, an overhead electric lightbulb and the computer screen in front of me. The recent rain has cleaned my windows and, if it wasn’t for some faint reflections of the stuff in my room, you would never know the glass was there – from where I’m sitting, the world outside looks exactly the same as it would without the window. 


My desk is cluttered with paper and various items of stationery, including a matt black hole puncher, a small plastic box of shiny silver paperclips, a transparent purple Sellotape dispenser and the glasses I wear for watching TV or driving. None of these things give off light and the only reason I can see them is that light from the Sun, the computer and the lightbulb is bouncing off them and into my eyes. The technical term for this is ‘reflect’: we can only see a non-luminous object if light from a luminous object reflects off it and into our eyes. 


If there was no window in my room, and I turned off the computer and ceiling light, all these things would appear black. In fact, if I could stop any light at all from getting into the room, I wouldn’t even be able to tell that there were different objects in the room, because all I would see is black. The items on my desk all look different because light interacts differently with each one: light can pass through an object, bounce off it, be absorbed by it, or some combination of those three things.


The scientific explanation of why the sky is blue is connected to the explanation of why my hole puncher is black, why my Sellotape dispenser is purple and see-through and why my glasses allow me to see distant things in focus. To understand and explain things like this using science, scientists come up with scientific models. 


Models


In everyday life, the word ‘model’ might make you think of a tall, good-looking person wearing designer clothes (so, the literal opposite of me). Another ­common use for the word is to describe a small-scale replica of an object such as a toy car, aircraft or railway. A real ­railway and a model railway are obviously not the same thing, but they have many of the same features and a good model can show accurately how the parts of the real thing fit together and how it works. This is perhaps closer to the meaning it has in science – a scientific model is a way of representing something to help us understand it. 


Scientific models are usually simplifications and representational – they describe and explain the behaviour of something by comparing it to things we already know and understand; for example, we can model the behaviour of solids, liquids and gases by representing them as being made up of tiny balls. Scientific models do not usually explain everything about the thing they describe, but one of the reasons why they are useful is that they can predict how something will behave. When the thing we are trying to understand or explain follows mathematical rules, we can use calculations to make predictions about its behaviour, so scientific models are often also mathematical models. 


The nature of scientific models is something that I think is often glossed over, or even completely missed out in people’s science education, and this can be a hindrance or even a fatal barrier to understanding ­science. I remember struggling when we studied electricity in my physics lessons at school – I found everything about the topic confusing, and could not understand how what we were learning in class was supposed to help us understand electricity. 


One of the things I had started to love about my science lessons was that I felt they were giving me this incredible insight into how the world worked, how it actually was. I had particularly enjoyed learning about Newton’s laws and the elegant way they described how and why things move. But with electricity, this didn’t seem to be the case – what we were learning in class didn’t seem to hit that same sweet spot of ‘understanding’. I wanted to know exactly what electrons were and why they did what they did in electrical circuits, but all we seemed to be doing was drawing diagrams and trying to work out which lightbulbs would be bright and which would be dim. 


I can’t remember the exact details, but a conversation with my physics teacher, Mr York, about why I was finding it difficult was a real turning point for me – he was the first science teacher to explain to me that it would take time for me to achieve a satisfactory ‘understanding’ of electricity, that what I was learning at that point in my school career was a model, a set of rules that electrons in electrical circuits followed, and there were other models, rules and ideas about electrons that I would learn later, which would develop my understanding. But, he pointed out, we cannot know what an electron is in the same way we might know what a tree or football is – all we have is the model. 


Mr York was the first teacher to make me realise that ‘science’ is not made up of ‘ultimate truths’ about how the world is, but of models that describe, explain and predict the behaviour of things in the natural world. 


The Ray Model of Light


The first model of light that we learn about at school, and indeed one of the earliest that humans seem to have come up with, is the ray model of light, in which we use imaginary lines to show us the path that light takes. Using rays to represent light, we can explain many of the things that light does – shadows are formed when an object blocks rays of light, we can’t see round corners because rays of light travel in straight lines, lenses work by changing the direction the rays are travelling and mirrors work because of the way rays reflect off smooth surfaces.


The ray model of light allows us to explain why objects look the way they do. When rays of light hit an object, they can be absorbed (meaning they do not pass through), or reflected (meaning they bounce off and change direction), or they can be partially absorbed and partially reflected. Light rays can also change direction when they pass through something, an effect called refraction, which can be used to explain how, for example, a magnifying glass works and why ­diamonds sparkle. 


One of my favourite activities to do with young ­students when teaching about light, and the ray model, is to use a pinhole camera. This is simply a small black cardboard box or tube that has a ‘screen’ made of tracing paper at one end and a tiny hole made with a pin at the other. If it’s a bright, sunny day, I turn off the classroom lights, partially lower the blinds and get the ­students to point the pinhole end of their ‘cameras’ at the window and look at what they see on the tracing paper screen. If you have not done this for yourself, you may not understand the sheer delight that students invariably experience when they see the view through the window replicated on their screens. (If you’ve never used a pinhole camera, it’s very easy to make one and absolutely worth doing – just use the instructions at the back of this book.)


After the initial ‘ooh, look at that’, they usually notice something else unexpected: the image is upside down. This can be explained using the ray model of light – imagine the camera is pointed at a tree, the image is formed by rays of light from the Sun bouncing off the tree and into the camera through the pinhole. If we drew a diagram of the rays entering the pinhole and hitting the screen at the back of the camera, we would see that light rays from the top of the tree move in a downward path and hit the bottom of the screen, and rays from the bottom of the tree move upwards and end up on the top of the screen, so the tree appears upside down. 


Can you think how the ray model of light can explain why, if we make the pinhole bigger, the image becomes brighter and blurrier? The answer, using the model, is that with a tiny hole, each point on the screen receives a ray of light from only one point on the tree, which gives a clear image. With a bigger hole, a point on the screen receives rays from several points on the tree, making it brighter, but messing up the image. Our eyes work in a similar way – light travels through the small hole in the front of our eyes (the pupil) and the image formed on the back of the eyes (the retina) is upside down, but our brains flip it so we see the world the right way up. 


There are lots of fun activities to do with light in school and, despite the challenges of trying to manage thirty children in a darkened room, I like to do some practical work so students can see for themselves that rays of light follow certain rules when they bounce off or pass through things. If you remember any of these rules from school, it’s probably ‘the law of reflection’, which says that when a ray of light reflects from a surface, the angle of incidence is equal to the angle of reflection. This means that the angle an incoming ray makes with the surface is the same as the angle the ray makes when it bounces off, a bit like the way a football bounces off a wall (if it isn’t given any ‘spin’). If an object has a very smooth, flat surface, light rays coming from a particular direction all bounce off in the same direction. This is called specular reflection, and is the reason why we see reflected images in mirrors and other objects with very smooth, flat surfaces.


Light is also reflected off objects with rough surfaces (otherwise we wouldn’t see them), and each ray of light still obeys the law of reflection at the point where it hits the object. However, different parts of the surface of a rough object point in different directions, so light rays coming from one direction are reflected in different directions. This is called diffuse reflection, and explains why we see no image (or sometimes a distorted image) reflected from rough surfaces. 


There is also a ‘law of refraction’, which can be used to calculate the direction rays of light will bend when they pass through a transparent object. When I was at school in the 1980s and early 90s, I was taught this as ‘Snell’s Law’, named after the Dutch scientist ­Willebrord Snellius, who lived in the 1600s. Long after leaving school, I learned that the same law was ­independently arrived at by both Thomas Harriot and René Descartes in the 1600s, and that it had been written about more than five hundred years before that, in the 900s, by the Persian scientist Ibn Sahl. 


What’s interesting about this is not just that my old school textbooks didn’t feature any non-European ­scientists, but that it also illustrates something fundamental about science: unlike the works of Shakespeare, for example, which could only have been written by that particular person, scientific laws are not ‘authored’ by scientists, but rather discovered. 


Using the laws of reflection and refraction, it’s possible to draw ray diagrams that we can use to predict the behaviour of curved mirrors and lenses before we make them, which is useful if you want to build telescopes or cameras or spectacles. I have to confess that I found drawing ray diagrams in my physics lessons rather tedious – you need to use a ruler and protractor to get the lines precisely straight and at the correct angles, and they are time-­consuming to draw correctly. With my own students, I like to show how the ray diagrams really do represent the behaviour of light by using a special set of apparatus that lets me show them the path of a laser beam as it travels through lenses and bounces off mirrors. 


In movies, laser beams are often shown as straight, glowing lines (usually being fired from weapons), but if you’ve ever seen a laser pointer in use, you’ll know that you can’t actually see its beam in the air, you only see the spot where it hits a surface and bounces off. It’s very easy to impress a room full of students by turning off the lights and spraying a fine mist of water in the path of a laser beam – it suddenly becomes visible, just like in the movies. 


The reason why you can see the laser beam when it’s travelling through the mist is that rays of light from the laser bounce off the tiny droplets of water in such a way that, instead of travelling straight on, some of them travel in the direction of your eyes. This effect, where light hits small particles and is bounced away from its straight line path, is called scattering and is central to understanding why the sky is blue. 


Most people think that clean air is invisible, that we can see right through it because light simply goes through the air without being affected. So, what does the ray model, in which light rays travel in straight lines, say the sky should look like if light does not ­interact with air? It should look black, except for the Sun, which should appear as a bright disk because its rays should travel directly into our eyes. Does that mean the ray model is wrong? Not necessarily – we can conclude from the fact that our sky is not black that the rays of light must be affected in some way when they interact with the atmosphere. We can also see that the ray model correctly predicts what the sky should look like from the fact that the sky on the Moon, where there is no air, is black. 


The reason why we don’t see a black sky during daytime is because sunlight is scattered by the ‘stuff’ that makes up what we call air. If we ignore clouds and things like smoke and other pollutants, air consists mostly of molecules of gas. We can’t see these particles because they are too small, but when light hits them, it bounces off and spreads out away from its straight line path. It is this scattering of light that allows us to see the sky. But this doesn’t answer why the sky is blue when the light from the Sun appears to be white – the answer to this is related to something else we see in the sky: rainbows.


Rainbows


No matter how many times I see them, I always experience a thrill when there’s a rainbow in the sky. They are a true wonder of the natural world, and seem magical even when you know how they’re formed. It’s not surprising to find rainbows in myths and storytelling from around the world, representing a bridge between our world and another, a bow to shoot arrows of lightning and a sign of a god’s promise not to flood the world again. 


If you want to see one, you need to have the Sun shining brightly from behind you and water droplets in front of you. You can wait for a rainy day where the ­circumstances are just right or, as many people discover to their delight, you can make your own rainbow on a sunny, rainless day by using a hose pipe to spray a mist in front of you with the Sun at your back. 


I love doing this with my two daughters and hearing their shrieks of joy when they spot the rainbow right in front of them. Sometimes one sees a rainbow before the other, because they’re not actually seeing the same rainbow. In fact, none of us can ever see the same rainbow as another person. This is because a rainbow is not something out there in the world in front of us, but something that only exists, in a sense, in our eyes. A rainbow is what we see when sunlight has bounced through raindrops on its way into our eyes.


One of the few bits of scientific knowledge from school that seems to stick with a lot of people is the fact that white light is made up of the colours of the ­rainbow. I’m not sure why this is, but I think it’s got something to do with our fascination with this beautiful phenomenon and finding out that it has a deep ­connection to something as fundamental as the nature of light. Perhaps lots of people  remember this fact because it’s quite surprising when they first learn about it; after all, it’s by no means obvious and it contradicts our childhood experiences of mixing all our paints together and getting black. Or maybe it’s just easy to remember. Whatever the reason, knowing that white light is a mixture of colours leads us back to our explanation of why the sky is blue. 


I explained above that the reason why we can see the sky at all is because light from the Sun, which is white, is scattered as it passes through the air. The reason why we see a blue sky is that when white light from the Sun, which is a mixture of colours, collides with particles in the air, the blue rays are scattered more than other coloured rays, so when we look up at the sky, away from the Sun, it’s mostly blue light that is travelling into our eyes. 


This can also help to explain why the sky can appear red at sunset: as the Sun is lower in the sky at this time, its light rays travel a longer distance through air, so that by the time light from the Sun reaches our eyes a lot of the blue light in it has been scattered away and the remaining light is mostly red. When the Sun has sunk below the horizon, the last colour we see in the sky is the deep indigo or violet colour at the end of the spectrum. 


Knowing that white light is made up of different colours lets us understand a bit more about how we see coloured objects in general. A simple model tells us that when light hits an object, some colours are absorbed, and some are reflected. So, a blue object looks blue because it only reflects blue light and absorbs all the other colours of the spectrum. Using this model, can you work out what colour a blue object would look like if you shone red light on it? The answer is it would look black, because it would absorb the red light and not reflect anything back. Objects that look black in white light absorb all the colours equally, and objects that look white reflect all the colours equally.


One of the first songs my children learned was ‘I  Can Sing a Rainbow’, the first verse of which is:


Red and yellow and pink and green
 

Purple and orange and blue,
 I can sing a rainbow,


Sing a rainbow, 


Sing a rainbow too.


Whilst this is a charming song with a delightful tune, it teaches children an incorrect order of the colours in a rainbow. From top to bottom, the colours in a rainbow are actually red, orange, yellow, green, blue, indigo and violet. Unfortunately, this order doesn’t work very well when sung to the tune of ‘I can sing a rainbow’, but you can remember it by learning the name Roy G. Biv or a mnemonic along the lines of Richard Of York Gave Battle In Vain. It’s likely that your science teacher showed you a beam of white light being split up into these colours by shining it through a triangular piece of glass, a prism. 
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