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Praise for The Crowd and the Cosmos

‘The Crowd and the Cosmos is a superbly written insight into the 
unique and powerful contribution enthusiasts from all walks 
of  life can make to scientific knowledge. It is also a fascinating 
and much-needed description of how we acquire reliable 
 knowledge about Nature, from the search for planets and 
 perhaps civilisations around distant stars to observations of 
Penguins in the Antarctic and what they can teach us about the 
impact we are having on our own world.’

Brian Cox

‘Chris Lintott, is a modest genius. He has quietly revolutionised 
modern Astronomy (and a few other branches of science) by 
using digital platforms to involve the public in processing data. 
Essentially anyone who wants to contribute some of their spare 
time can, and is invited through Chris’s Zoooniverse projects to 
do real science. Literally millions have taken up the invitation. 
This is a beautifully readable book, which tells the story of the 
Zooniverse and much more. Chris is delightfully anecdotal, 
inclusive and witty, yet never shirks in-depth explanations of 
the cutting edge science he’s delivering to us, almost before we 
realise it! This is the New Age of Science for All!!!’

Brian May

‘The Crowd and the Cosmos gives an authentic flavour of astronomical 
research and its appeal. But it's especially significant because it 
offers a first-hand account of how Chris Lintott conceived and 
led the “Zooniverse” project, thereby enabling huge numbers 
to participate in significant research, and even make important 
discoveries. His pioneering initiative has spawned similar 
 programmes in naval history, conservation, and other subjects—
triggering a benign social revolution in scholarship and education.’

Martin Rees
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PREFACE

There is a faint star, dim and red, which shines feebly in the 
constellation of Aquarius. You would need a decent telescope 

to see it at all, and in all of humanity’s history of studying the 
Universe no one bothered giving it a name. The star, recorded in 
catalogues as J23154776-1050590, is about 600 light years from 
Earth; not too far on cosmic scales, but close enough that the 
light we see now set off in the early fifteenth century, when King 
Henry V’s English army was fighting the French at Agincourt.

Andrew Grey is a car mechanic who lives in Darwin, in north-
ern Australia. He’s also an amateur astronomer with a collection 
of telescopes used for stargazing under the clear desert skies, and 
in April 2016 he was the first person to realize that J23154776-
1050590 was a star worth keeping an eye on. Every so often, the 
star does something odd. It winks, dimming slightly for an hour 
or two.

These winks reveal the presence of something that would 
otherwise be hidden. They’re caused by the regular passage of a 
family of planets that happens to cross (or ‘transit’) the face of the 
star as seen from Earth. The effect is subtle—planets are small 
compared to stars, and a single wink results in a dimming of 
much less than 1 per cent of a star’s brightness—but we can see 
them, and the immutable laws of physics dictate that as a planet 
completes orbit after regular orbit around the star, that single dip 
will be followed by another exactly one orbit later, and another 
and then another, each adding to observers confidence that the 
planet really exists.

Thanks to Andrew’s ability to notice these small changes in 
brightness, we now know that J23154776-1050590 has at least five 



planets in its system. They crowd around the star, now given a 
shorter catalogue number: K2-138 (Figure 1). Nor were these new 
planets just another entry in the rapidly growing planet cata-
logue. Each is closer to their star than Mercury is to the Sun. 
Packed in tightly, they form a resonant and harmonious pattern, 
each world completing nearly exactly three orbits in the time 
taken for the next one out to go around twice, an arrangement 
which might persist for billions of years and which contains 
within it secrets about these world’s formation.*

For centuries, and perhaps longer, astronomers dreamt of dis-
coveries like this. Yet finding new planets, and new solar systems, 
is now something that you can do at home. Andrew’s discovery 
was made not with one of his telescopes, but with a web browser. 
The star was one of many monitored by the Kepler space tele-
scope, launched and operated by NASA, whose team gave the 

* While editing the book, we were able announce the discovery of a sixth 
planet which nearly fits the pattern, but is slightly off. Even more intriguing!
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Figure 1 Artist’s impression of five worlds around K2-138, discovered by 
citizen scientists in the Exoplanet Explorers project.



data it collected away for free. A team of astronomers at Caltech 
had looked for likely planets, and shared their analysis online via 
a website that allowed anyone to show up and help. A discovery 
that twenty years ago would have put you in line for the most 
prestigious prizes in science is now something that you, the 
reader of this book, might manage in an otherwise idle lunch 
hour.

Access to data from telescopes all over the world is now some-
thing that astronomers take for granted and, as it turns out that 
being open with each other means that we’re also open to the 
world, an increasing number of people are joining us in explor-
ing the Universe. Consider Despina, an obscure moon of Neptune 
which was first discovered in images taken by the Voyager 2 space 
probe as it approached the ice giant in the summer of 1989. No 
other probe has passed this way, and so we know very little about 
Despina, other than the fact that it’s small, just 150 kilometres 
across, and that it lives just inside one of the planet’s dark rings. 
It is close enough to Neptune, in fact, that it is probably spiralling 
slowly inwards, compelled by the push and pull of tides induced 
upon it by the planet’s gravity.

One day it may fall apart completely, but for now, there it sits. 
Voyager 2 shot through the Neptunian system at high speed, and 
observations of the planet itself and the largest moon, Triton, 
were the priority. Beyond noting its existence, little was done 
with Despina in the short interval between discovery and fly-
past, and so all we have had for the last thirty years are a small set 
of images that make it look like a speckled jelly bean. Voyager’s 
encounter with Neptune was one of the things that made me, as 
a schoolkid, avidly interested in space, but I can’t say that the 
diminutive moon made much of a mark.

Despina is part of this story because of some amazing detective 
work done by professional philosopher and amateur astronomer 
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Ted Stryk. Since Voyager flew past, the best images of both Uranus 
and Neptune have come from the Hubble Space Telescope, and in 
2006 Ted saw a Hubble image which showed one of Uranus’s larger 
moons, Ariel, transiting the disc. It’s a fun image, with both Ariel 
and its shadow sharp against the pale green disc of the planet, 
and Ted wondered if there were any similar shots from Voyager.

I would have bet good money on the idea that there was noth-
ing new to find in the Voyager dataset. Some missions produce 
enormous libraries of images, with plenty to keep scientists and 
their friends going for decades. The Voyager probes, though, espe-
cially when in the outer reaches of the solar system, relied on a 
fairly low bandwidth antenna to get data back to Earth, and so 
relatively few pictures were ever sent. Each image from this 
expensive, once-in-a-lifetime mission, had surely already been 
extensively studied.

Ted, though, found something new. He got hold of the raw 
data, and used modern technology and his expertise in image 
processing to see something no one else had. In a sequence of 
images taken over the course of nine minutes on 24 August 1989, 
a small black dot can be seen on the planet’s blue, cloud-streaked 
face. In one of the images, and only one, a small bright dot appears 
near the edge of Neptune’s disc.

This, remarkably, is Despina, caught in transit during the 
Neptune encounter as seen by the speeding Voyager probe 
(Figure 2). The first dot, which appears in the whole sequence, is 
the moon’s shadow, and the second dot the moon itself, just 
entering the disc. It’s a beautiful and poetic set of images, a 
moment in time captured during the only visit of a human-built 
craft to the most distant planet in the Solar System—and it may 
be useful too. Despina’s orbit isn’t well known, and pinning 
down its presence in this particular set of images will help work 
out how it behaves, and what its ultimate fate will be.
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Despina isn’t an isolated example. Planetary scientists on mis-
sions to the planets now regularly collaborate with a loose net-
work of image-processing experts to get the best out of their 
data. When two Mars rovers, Spirit and Opportunity, landed on 
the red planet in 2004, the team behind them, led by Steve 
Squyres and Jim Bell, made the decision to make the data their 
robot explorers sent back available to the public as soon as it was 
received by NASA. If you happened to refresh the web page at 
just the right time, you could see an image taken on the surface 
of Mars before anyone else on Earth.

The images have allowed scientists to show that what is now a 
rusty desert was once a wet world. Mars, it’s now clear, once had 
rivers and seas and lakes and oceans. The images from the rovers 
have also fuelled the dreams and fired the imaginations of a com-
munity of fans back here on Earth, many of whom collaborated 
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Figure 2  Despina, seen as a bright dot accompanied by its moving 
shadow as seen by Voyager 2 and discovered by Ted Stryk. This is a mon-
tage of four images, taken nine minutes apart.



to make use of the images sent back. This community had time 
(and often, the skills) to do what the scientists could not, making 
colour versions of images, charting their journeys on elaborate 
maps, and creating mosaic views of landscapes and the odd rover 
selfie. When the venerable magazine Aviation Week wanted to put 
Spirit on their cover, the image they used was created by four out-
siders, who collaborated online without ever meeting. (One of 
them, Doug Ellison, a graphic artist from Leicester, now works at 
the Jet Propulsion Laboratory and was part of the team that oper-
ated the rovers.)

Whether it’s discovering new worlds or exploring Mars, the 
web allows each of us to be part of the scientific enterprise. It’s 
not just planets either. A distributed network of volunteers have 
spent the last decade sorting through images of galaxies, and 
mapping our own Milky Way. Others have helped conservation-
ists and scientists study and monitor animals, ranging from lions 
in the Serengeti to coyotes in Chicago (and, lest you think this is 
about exciting, charismatic species, they have also spent time 
looking at many blurry images of kelp off the Californian coast 
and watched videos of egg-laying intestinal worms). Old docu-
ments, from ancient Greek papyri to the records and letters of 
anti-slavery campaigners in nineteenth-century America, have 
been explored and transcribed by still more volunteers. Hundreds 
of thousands of people have taken part in projects like this; in 
this small corner of the world wide web, together they have con-
tributed to our understanding of the world and the cosmos.

I find it inspiring, and at a time when we tend to talk about the 
internet and the communications revolution it has precipitated 
in mostly negative terms, it’s a reassuring reminder that the vast 
majority of people, both individually and collectively, are good. 
Even when assembled as that most modern of bugbears—a 
crowd on the internet—they are capable of remarkable feats of 
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both generosity and skill. I hope reading this book will inspire 
many people to rush to their nearest screen to try to find a planet 
for themselves—data from NASA’s new planet hunter, the TESS 
satellite, will be flowing in torrents by the time you read this 
book—or, more simply, to take a more personal interest in the 
Universe.

This book is the story of how I, a distractible astronomer, 
ended up watching all of this activity unfold from a grandstand 
seat. Each of the examples I’ve mentioned so far are from pro-
jects that live on a platform called the Zooniverse, built by a mer-
curial and talented team of web developers, scientists, and 
educators which I’ve been proud to lead. I haven’t always had 
space to stop and explain who did what, or how a million con-
versations led us collectively to solve the problems whose results 
are presented here, but you should be aware as you read that 
everything we’ve been able to achieve in the last few years is the 
result of work by a team full of people much smarter than I.

It’s very easy to forget when describing a project such as the 
Zooniverse that the technical approach taken is at least as 
important as the science, and in this case everything we’ve done 
has been shaped by early decisions to take both halves equally 
seriously. That we did this was due to Arfon Smith, who was my 
co-conspirator and the technical lead for the Zooniverse’s cru-
cial early years, and I would be remiss if I didn’t thank him here 
for that insight and all the hard work. Among many others Lucy 
Fortson and Laura Trouille in particular also deserve my grati-
tude and thanks for their leadership and support. The Galaxy 
Zoo team—particularly Karen Masters and Bill Keel—have 
taught me an enormous amount, and been very tolerant of my 
distractions.

In these pages, I’ve focused mostly on our astronomical pro-
jects—they’re what I know best, after all, and they say a lot about 
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what modern astronomy has taught us about the Universe, and 
what we still don’t know. My bias as a scientist is the same as it 
was years ago when I was a schoolboy reading about Neptune 
and Voyager—I care about space most of all—but a lot of the thrill 
of the Zooniverse has been the license to get interested in other 
people’s research worlds and to draw ideas and inspiration from 
scholars of the humanities, climatologists, zoologists, and more. 
This book in particular was being written during the time the 
Zooniverse team was participating in the Connecting Scientific 
Communities project, funded by the Arts and Humanities 
Research Council and led by Sally Shuttleworth, and it is a very 
different beast because of the conversations we had.

As that implies, the book you’re now holding is very different 
from the one I set out to write more than five years ago and many 
people have had a role in getting it into your hands. As well as 
support from many close friends, I want to mention Pedro 
Ferreira—who was finishing his brilliant book on the history of 
gravity, The Perfect Theory, as I was starting—who was a huge 
encouragement, and Rebecca Carter, my long-suffering agent, 
deserves all my thanks too, along with the team at OUP led by 
editor Latha Menon. Expert reviews of parts of the text were pro-
vided by Katharine Anderson, Chris Scott, and Brooke Simmons; 
any errors that remain are, of course, still mine.

I’ve tried to write in a way that conveys how much fun I’ve had 
in the Zooniverse for the last ten years, enjoyment that’s due 
almost entirely to the efforts of our incredible community of 
volunteers. A small number of names is included at the back of this 
book, but I wish I could include them all. Their desire to get stuck 
into almost any problem is continually a source of inspiration 
and wonder, and it’s been a pleasure working for them. If you’re 
one of them, even if you only participated for a few minutes, 
thank you for what you’ve helped us all learn. If you haven’t yet 
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dived in, then I hope that this book inspires you to become an 
active participant in the grandest of all adventures—our attempt 
to understand the Universe, and our place in it. See you in the 
Zooniverse.

Chris Lintott,  
Oxford, November 2018





Plate 1 The great Orion Nebula, with NGC 1981 (briefly known as Lintott 
1) visible at the top of the image, above the smaller patch of nebulosity.



Plate 2 The Large Scale Structure of the Universe as seen by SDSS. Each 
dot is a galaxy, whose colour represents the galaxy colour; the Sloan 
Great Wall is visible in the top segment.

Plate 3 The protoplanetary disk around the young star HL Tauri, as seen 
by ALMA. The gaps in the disk may represent disruption of the disk by 
forming planets.



Plate 4 Schematic version of the Hertzsprung–Russell diagram, which 
plots brightness against colour (which is equivalent to temperature). 
Most stars spend most of their lives on the main sequence running from 
top left to bottom right.



(a)

(b)

Plate 5 Two famous galaxies. Top: M51 turns anticlockwise. Bottom: 
NGC1300 turns clockwise



Plate 6 ‘The Mice’ as seen by Hubble. This pair of galaxies is in the process 
of colliding, an encounter which has already produced the long tidal tails 
visible in the image.

Plate 7 A coronal mass ejection as seen by the STEREO Heliospheric 
Imager. The Sun is just to the right of this picture, which also shows the 
Milky Way on the left.



Plate 8 A magnificent auroral crown as seen from Norway. The green 
colour is caused by excited oxygen in the upper atmosphere, and the fine 
structure reveals the complex interaction of the Earth’s magnetic field 
with the solar wind.



Plate 9 Supernova 2014J in M82, as indicated by the arrow. The red 
 material here is flowing away from the centre of the galaxy, a wind which 
is perhaps powered by supernovae like this one.

Plate 10 The ‘Red Ring’ found by Space Warps volunteers as part of the 
Stargazing Live project. The image was taken as part of a survey by the 
Canada-France-Hawai’i Telescope.



Plate 11 Hanny’s Voorwerp as seen by the Hubble Space Telescope. The 
complex shape of the Voorwerp—particularly the presence of the appar-
ent ‘hole’ towards the bottom of the object—is still mysterious.



1
HOW SCIENCE IS DONE

What does science look like? Is it a blackboard covered with 
confounding equations, a set of seemingly mystical and 

obscure symbols inscribed in chalk by a tweedy professor? Is it a 
laboratory filled with bubbling chemicals, or an expedition deep 
into the Amazonian jungle? Maybe it’s a set of staccato sentences, 
delivered in front of dramatic backdrops by a suspiciously enthu-
siastic television presenter over a soaring soundtrack, or maybe 
it’s just the mysterious set of knowledge that means I can have a 
new iPhone but which ensures also that its battery life will be 
measured in minutes. It’s why dropped things in the kitchen will 
head for the floor, and also why toast lands buttered side down.*

It is all of these things, but to most people the need for science 
to speak the language of mathematics, the associated rigour, and 
a perception that to dedicate oneself to science means an 
unswerving devotion to the passionless weighing of competing 
hypotheses adds up to a vision of a grand but cold and imper-
sonal edifice. Science, whether encountered out in the wild or in 

* Not as random an example as you might think! See Matthews, R. A. J., 1995, 
Tumbling toast, Murphy’s Law and the fundamental constants, European Journal 
of Physics, 16, 4: 172–6.



2  How Science iS Done

a battered school textbook, seems established in ground far 
removed from normal human concerns, more of a secret lab in 
the desert than part of our everyday human lives.

It’s this perception that creates the stereotype of a scientist as 
being outside normal culture, the high priest of a technocratic 
caste, a group with their own language and concerns. Sometimes, 
this perception can be flattering—a typical response when I tell 
someone I’m an astronomer is for them to assume that I must be 
‘smart’—but those of us who spend our time on this thing called 
science know the reality is very different. Our scientific research 
is as much part of the real world as last night’s takeaway. Science 
is—it has to be—a human pursuit. When progress comes, it 
arrives not out of the blue, but as the result of hopes and dreams, 
followed by blood, sweat, and not infrequently the tears of nor-
mal human beings. What’s more, this is as true of the works by 
Newton, Darwin, or Einstein that we celebrate as the great solo 
masterpieces of the genre as it is of the great collaborative pro-
jects like the Large Hadron Collider (LHC) or the Human Genome 
Project which bring together thousands of people from hun-
dreds of institutions to produce science on almost industrial 
scales. It’s easy to forget when reading about the latest medical 
advance in the newspaper, or when listening awestruck to an 
astronomical discovery that requires liberal use of the word ‘bil-
lions’, but each advance in knowledge is won because someone 
out there wanted it badly. Scientific truths don’t drop from the 
sky; they are worked for and fought over.

Knowledge expands because of the effort we put in, and the 
results can inspire. In the past few years we have come to know 
for certain that when we look at the night sky we are seeing stars 
that have planets in orbit around them, just as our own Earth and 
its companions circle the Sun. Just knowing that fact really does 
change how I look up at the heavens. I find it hard to think about 
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without being impressed at our species’ cleverness, and at our 
ability to figure things out. I feel the shock, and the awe, of being 
part of a species capable—perhaps uniquely so—of understand-
ing our place in the Universe.

The enormous changes wrought by digital technologies have, 
as I’ve already mentioned, made it possible for everyone to take 
part in that effort, perhaps for the first time in human history. 
Whether you want to classify rare beetles at the bottom of the 
garden, or be the first to explore part of the Martian arctic in 
satellite images, it’s clear that we can no longer indulge in the 
twentieth-century habit of leaving science to the scientists, but 
in area after area we are finding that we must instead all pitch in.

I believe that finding places where we can all make contribu-
tions to science is good for the progress of research, accelerating 
the pace of discovery and preserving all sorts of options that 
would otherwise be closed off, but it is, I think, also good for each 
of us to find a little time to make a meaningful contribution to 
our understanding of the world. Many of us need a new relation-
ship with science, one based on mutual respect and not only on 
listening to the reporting of impressive feats of derring-do.

It’s become a cliché in writing or talking about science com-
munication to conjure up a ‘typical’ dinner party, usually in 
North London for some reason.* Conversation has somewhat 
inexplicably turned from house prices and schooling (the only 
really acceptable topics for imaginary North London dinner par-
ties) to something sciency. Maybe it’s the recent arrival of the 
European Space Agency’s Rosetta probe at Comet Churyumov–
Gerasimenko, whose pictures made the front pages of papers, or 

* I think there’s been so much written about this stereotypical dinner party 
that we should doubt whether anything like it ever occurs. If anyone has actually 
been to a dinner party in North London and tried to discuss science, only to fail, 
then do get in touch. I’ll buy you a mid-price Portuguese wine as a reward.
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maybe it’s the most recent appearance of an old perennial news-
friendly headline like the ‘discovery’ that red wine either causes 
or cures cancer. The details don’t matter; driven to extremes by 
such a swerve in conversation, so the story goes, someone will 
quickly volunteer that they never understand science, that it left 
them cold at school and they could no more distinguish an aster-
oid from an adenoid than design a rocket and fly to the Moon.

The point is, I suppose, that at such an imaginary dinner party 
it’s much harder to believe that anyone would say that they don’t 
read for fun, or that they never understand cinema, or politics. 
Science can be dismissed without shame, and this says some-
thing about its status in our society. We could, and probably 
should, make the same point by noticing that a claim to scientific 
expertise is often followed by an admiring exclamation of 
assumed authority, but both are essentially expressions of fear, 
a sense that science is something ‘other’ to be pursued only by 
specialists.

Pursued, in fact, by a grown-up version of the science-obsessed 
schoolboy I was a few decades ago, when my own interest in open-
ing up science began. I spent much of my teenage years hanging 
out (‘hiding from the world’ might, perhaps, be a fairer descrip-
tion) in the observatory my school was blessed with. A squat 
brick construction for the most part, it was topped by a glorious 
metallic rotating dome, under which sat a large and impressive 
telescope. A frame made of blue aluminium rods supported a 
mirror fifty centimetres across, an impressive size then and still 
large by amateur standards today. (It was, for example, larger than 
the telescope that sits on top of the building in Oxford in which 
I now work, used for teaching undergraduates how to handle a 
modern instrument.) The size of the telescope presented chal-
lenges. When it was pointed straight up at the zenith, any observer 
was required to stand, usually on one leg, atop a stepladder and 
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lean across in order to reach the eyepiece. The telescope was also 
slightly too large for its dome, the result of a sudden glorious 
rush of blood to the head that had led the staff responsible to buy 
something much larger than they had originally planned, and so 
any attempt to look low in the North required some acrobatic 
leaning out over the stairwell, something that added to the excite-
ment of any observing session. The whole thing was controlled 
by a rather rickety old computer (a BBC Micro with a very sticky 
‘4’ key) and was the pride and joy of the Physics Department’s 
staff, many of whom had spent years fundraising for such a mag-
nificent facility.

The ringleaders were head of physics, Graham Veale, and the 
physics technician, Ian Walsh, along with their friends from the 
local Torbay Astronomical Society. They’d raised the money 
partly by running discos for local teenagers, and it still staggers 
me even now that those who’d endured such things for fundrais-
ing purposes would then turn around and hand the keys to a 
bunch of 12 year olds, but they did, and along with a couple of 
friends I set out to do some Proper Science.

Not that we got very far. Cloud was a problem, the fact that 
we discovered that pizza delivery companies could be per-
suaded to find the observatory was a distraction, and the task of 
lining up a faint object on the tiny chip of the digital camera 
attached to the telescope remained almost entirely beyond us. 
Nonetheless, I remember very clearly the sense that despite the 
pathos of our limited efforts we were embarked on something 
important. Something, in fact, that might add just a little to 
humanity’s understanding of the Universe in all of its glory. We 
were, it seemed, only a piece of good luck away from making a 
discovery.

The closest I ever got wasn’t, as it turned out, at the observa-
tory, but at home, using a much smaller telescope I’d managed to 
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scrimp and save for. The house I grew up in was away from the 
main road on a quiet cul-de-sac, making the front drive a reason-
able enough place to set up for observing, especially once the 
streetlights were off. A 14 year old immensely proud of a newly 
acquired telescope, I was out early one spring evening, taking 
advantage of the warmer weather to get a last glimpse of my 
favourite object as it sank into the evening twilight.

The object in question was the Orion Nebula, a vast complex 
of shining gas and silhouetted dust in turmoil as, deep within it, 
stars are being born. William Herschel, the discoverer of Uranus 
and a pretty good writer as well as a sharp observer, described it 
as ‘an unformed fiery mist, the chaotic material of future suns’, 
and even through my modest telescope I could see what he 
meant. Glowing with a gentle, green light, the three-dimensional 
structure of the nebula was clear, and I would go on to spend 
hours waiting for those moments when the sky suddenly stands 
still, taking advantage of momentarily good seeing to try and 
tease out fainter and fainter details.

Patience helped, as did allowing my eyes to get used to the 
dark. I also spent a lot of time practising what astronomers call 
‘adverted vision’—the technique of looking out of the corner of 
one’s eyes in an attempt to use the rod cells which lie there and 
are particularly sensitive to faint light, rather than the more cen-
tral cones which specialize in colour but are less good when the 
going gets tough—but it was still a challenge. My telescope, pride 
and joy that it was, was funded via a weekend job selling buckets 
and spades to tourists bound for the beach, and it couldn’t be 
described as sophisticated. One of its special features was to dis-
play, unless it was repeatedly nudged, a sad tendency to slump 
slowly towards the floor.*

* I have yet to get this fixed. I should get round to it, I suppose.
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On this particular evening, I’d become distracted by some-
thing on the street and had let the telescope slide away from the 
nebula. When I returned to the eyepiece, framed perfectly in the 
field of view was what seemed to me to be an especially beautiful 
star cluster. There were maybe twenty or so stars, of roughly 
equal brightness, with hints at the edge of visibility that many 
more existed. Surprised I’d never heard of such a glorious cluster 
close to a tourist stop as popular as the Orion Nebula, I looked it 
up in my star atlas and found, where the cluster should be, noth-
ing but a blank space. In those days before the internet was avail-
able at home at the flick of a screen there was no way for me to 
immediately investigate further, and I proudly picked up a pencil 
(not a pen—I obviously wasn’t quite that confident!) and marked 
its position very carefully on the atlas, next to a carefully calli-
graphed label: ‘Lintott 1’.

I went to bed that night not really believing that I’d made a dis-
covery, but I couldn’t stop a tiny part of my brain thinking that 
there was at least a chance that I might have done. Of course, 
when I made it to the internet* the next day the cluster turned 
out to be well known. Its true name, NGC 1981, doesn’t have the 
sonorous ring of Lintott 1, but has the advantage of having been 
in use by astronomers since the late nineteenth century (Plate 1). 
Minor though it was, the incident stuck with me as my closest 
contact with a long-ago epoch when anyone with time, luck, and 
modest equipment could make a discovery. The astronomical 
books and magazines I immersed myself in were full of tales of 
amateurs discovering enormous storms on Saturn, spectacular 
comets, or the twinkling of variable stars, but they did so partly 
because they had kit beyond my wildest dreams. People like 

* People younger than me may be surprised by the idea that the internet 
wasn’t immediately available from home. It was a bleak time.
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retired telecoms engineer Tom Boles of Suffolk brought enor-
mous dedication to their searches, in Tom’s case resulting in the 
discovery of more than a hundred supernovae (explosions that 
mark the death of massive stars), but they also depended on tens 
of thousands of pounds’ worth of automated telescopic power. 
These super-amateurs were making spectacular progress, but 
they were doing so by effectively professionalizing their astron-
omy, often spending a fortune on advanced kit. The market 
for buckets and spades being unlikely to expand to a sufficient 
extent, I felt that finding even something as quotidian as an 
undiscovered asteroid—once so commonplace as to have 
attracted the reputation of celestial vermin—would be forever 
beyond my reach. My romantic vision of amateur astronomy 
with a small telescope dead, I moved on to become a professional 
 astronomer.*

Here, as with the amateurs, I found a community and a way of 
life that was under severe assault from the onrushing forces of 
technological advance. While once individual universities or 
particular countries aspired to have their own research-grade 
 telescope, a severe epidemic of ‘aperture fever’—the desire for 
larger and larger telescopes—has hit the astronomers of the 
world, leaving us with no option but to pool resources in ever 
larger and more expensive facilities. For most of the twentieth 
century, the world’s largest working optical telescope was the 
200-inch Hale Telescope at Mount Palomar in California. Built 

* That’s not to say that there isn’t anything worth doing with a small tele-
scope. I’ve had hours of pleasure staring at the Moon, Jupiter, the Orion Nebula, 
and countless other objects. If you’ve never looked through a telescope, find 
your nearest astronomical society right now, go along to a public observing 
night, and get them to show you the sights. It’s more than worth it, even if you 
don’t get a comet named after you. There really is something special about having 
photons from far away objects hit your retina, something which just can’t be 
replicated by looking at even the most impressive photos.
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during the 1930s and then commissioned in the immediate after-
math of the Second World War, the 200” is a beautiful relic of a 
bygone age, to the extent that the original design’s reliance on a 
newfangled technology—welding—was considered risky when 
it was completed. The welding worked, and the telescope was 
unrivalled until the 1990s.*

Since then, a host of telescopes with mirrors eight metres 
(307 inches) or more across have been made, and astronomers 
are working on three separate projects that take us up to the 
equivalent light-collecting area of a mirror thirty metres or 
more across. One of the projects, now known logically enough 
as the European Extremely Large Telescope (EELT), started life 
as a concept called OWL—the OverWhelmingly Large Telescope. 
That was supposed to sport a mirror one hundred metres across, 
and it’s been suggested they could have kept the acronym but 
have it stand for Originally Was Larger. The EELT will still be a 
monster. Its dome, for example, is the size of a sports stadium, 
but competition to use such an enormous facility when it’s 
completed in the mid-2020s will be intense. With fewer large 
facilities available in each generation to be shared among the 
growing community of astronomers, the pressure to make the 
best use of every second of observing time has grown, and that’s 
had serious consequences.

My PhD work involved several trips all the way from University 
College London in the heart of Bloomsbury to the Big Island of 

* A larger telescope was built by the Soviet Union in the mid-1970s, but it was 
plagued by problems bad enough for most to discount it in the competition for 
the world title. The original mirror was so bad it had eventually to be replaced, 
but even then the telescope remained almost neurotically sensitive to changes in 
temperature. That being said, with a lot of help from those who know it well, my 
collaborators and I have managed to get good data from it, so perhaps writing it 
out of the history books is a tad unfair.
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Hawai’i, with the aim of taking advantage of the crystal clear 
skies available to observatories on top of the (hopefully) dor-
mant Mauna Kea volcano (Figure 3). It is a spectacular and other-
worldly place, an hour or two’s drive from palm-lined beaches 
yet regularly covered in snow. It is, in fact, the summit of the 
world’s tallest mountain, double the height of Everest when 
measured from its summit more than 10,000 metres above sea 
level to its base deep in the ocean, and high enough that the 
low air pressure at the top presents a serious obstacle to clear 
thinking—an environment so hostile that the only thing that 
lives on the summit is a species of beetle found nowhere else on 
Earth. I’ve always wanted to see a Wek̄iu bug, as they’re known—
a strange creature which sits and waits for food in the form of 
smaller insects to be blown up to it by the winds that sometimes 
sweep across the summit, and is surely evolving to consume 
astronomers—but they are very rare.

Mauna Kea must be a strange place to spend most of your days. 
I wasn’t too surprised to discover that several of the staff had been 

Figure 3  The summit of Mauna Kea in Hawai’i, home to some of the best 
conditions for astronomical observing anywhere in the world.
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 submariners in their previous life, and were therefore presumably 
acclimatized to spending lots of time shut into metal boxes in a 
dark and hostile environment.

Whatever it’s like to spend a significant proportion of your 
time there, it was a glorious place to visit, and I loved leaving the 
observatory buildings for a glimpse of a Mars-red dusty land-
scape high above bright blue sea or, better, for a spectacular 
night sky illuminated only by the stars and, just occasionally 
and far below, the flickering that marks the flow of magma from 
the still-active Kıl̄auea volcano into the ocean. (Astronomers 
have had a slightly more exciting time with Kıl̄auea recently, as 
the major eruption in the summer of 2018 produced a cone of 
sparks that could be seen from the summit as well as producing 
warnings of shut airspace and toxic vog, a volcanic fog, across 
the island. I know at least one survey that’s six months behind 
because of delay caused by fear of volcano-induced earth-
quakes.)

The dream of travelling to this amazing place, and being there 
on a scientific mission with purpose, was a large part of what 
attracted me to being an astronomer, but things are changing 
rapidly. To gain access to the telescope that I used in Hawai’i, one 
bids for access, competing against other astronomers to explain 
the (scientific) justification for being allowed to take the controls. 
This can be tricky, requiring one simultaneously to argue that 
the results will be transformative, and that you know what they 
will be sufficiently well that you can promise the time won’t be 
wasted.

Still, if successful then the telescope was yours for the night 
and all you needed was a bit of luck and a clear sky. If conditions 
were lousy (and too much time spent under beautiful Hawai’ian 
skies tends to lead to over-optimistic planning or some very 
picky observers who want nothing but the calmest, stillest 



12  How Science iS Done

nights) then there is nothing for it but to turn round and apply 
again. Desperation, not to say depression, could set in; I remem-
ber observing with a radio telescope while rain swept across the 
mountain top, washing away any chance of decent data, and on 
another occasion nearly a week spent kicking pebbles along the 
gloriously palm-swept beach in high dudgeon at the sheer unfair-
ness of cloud.

Worse from the observatory’s point of view are the nights 
where I got lucky, or at least luckier than I should have. My PhD 
was mostly on the subject of astrochemistry, and I’d got time to 
go looking for molecules in space using a dish fifteen metres 
across known as the James Clark Maxwell Telescope, or JCMT. 
The JCMT works in the region of the spectrum that astronomers 
call the ‘sub-mm’ which and everyone else calls microwaves, 
which explains why it was high on the summit of a volcano. Your 
microwave oven works by firing waves at a wavelength chosen to 
excite the water in your food; the water in the atmosphere emits 
radiation at similar wavelengths, so from ground level the micro-
wave sky shines brightly. By climbing a mountain we could get 
above most of the atmosphere’s water and see clearly out into the 
cosmos.

I was searching for chemicals like hydrogen cyanide in and 
among the clouds of star-forming regions like the Orion Nebula. 
That isn’t quite as quixotic a quest as it sounds—the surfaces of 
dust grains in star-forming nebulae provide excellent sites for the 
sort of chemistry that forms complex molecules, and observing 
them provides more information than physical measurements 
alone ever could—but because for the most part we were happy 
with a single detection, rather than needing a map, a blurry view 
would do and these observations could be completed when con-
ditions weren’t great. Nights with the best ‘seeing’—those when 
the air is crisp and still—would be better spent on high- resolution 
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mapping or imaging projects, but if one of those came along 
when I was on the telescope then it was going to be used for 
detecting hydrogen cyanide no matter how good the skies 
became.

When both the astronomer sitting miserably on the beach and 
the observatory management started wondering how to make 
their multimillion dollar instruments more productive, it was 
only a matter of time before we found our way to a more efficient 
means of doing things. Gradually, over the past twenty years, the 
major observatories have shifted their operations to a model in 
which observations are dynamically scheduled; if the conditions 
improve, then high-priority objects which require the best wea-
ther can be targeted and previously scheduled work shelved tem-
porarily. In most cases, it’s become rare to travel to a telescope, 
and rather than carrying back precious images in triumph from 
Hawai’i, or Chile, or the Canary Islands, the arrival of fresh data 
is signified by the ping of an email hitting my inbox. I miss my 
observing trips, but I worry more about the next generation of 
students who won’t necessarily have any hands-on experience 
with where their data come from.

A healthy respect for data is critical in developing scientific 
scepticism, but once the astronomer was removed from the pro-
cess of observing it at least became clear that new ways of work-
ing were possible. Whereas astronomers like me are used to 
observatories, general purpose facilities that are built for a multi-
tude of tasks, what we’re getting increasingly in astronomy are 
experiments; there’s a tendency to move away from targeted 
observations altogether and towards collaborative surveys of 
large chunks of sky. Such surveys produce ever-larger reposito-
ries of data held in trust for hundreds or even thousands of scien-
tists to use, none of whom need have gone anywhere near the 
telescope upon which their research depends.
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The most successful by far of these projects is called the Sloan 
Digital Sky Survey. It’s named for and funded by the foundation 
set up in the memory of Alfred P. Sloan, the man whose modern 
and, above all, efficient management techniques turned General 
Motors into the colossus that bestrode mid-twentieth-century 
America. He would have approved, I suspect, of the business-like 
way that his namesake fulfilled its primary mission, scanning the 
sky from its home in New Mexico in order to create a three-
dimensional map of the Universe including nearly a million 
nearby galaxies (Figure 4).

Is a million galaxies a lot? A single, medium-sized galaxy like 
our own Milky Way contains roughly one hundred billion stars, 
and so Sloan’s sample contains plenty of interest. Yet there are at 

Figure 4  The Sloan Digital Sky Survey telescope in New Mexico. The 
main mirror is 2.4 metres across.
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least one hundred billion galaxies or so within the span of the 
observable Universe—as many galaxies, in fact, as there are stars 
in the Milky Way—and so this, the most detailed map we have of 
our surroundings, only includes 0.001 per cent of the available 
sample (Plate 2). Even by the standards of Earth’s medieval map-
makers, that’s a lot of undiscovered country marked ‘Here be 
dragons’.

Yet the effort isn’t hopeless, and another analogy might help. 
Election pollsters in the US are faced with predicting the behav-
iour of something like a hundred million people, yet typically 
use a sample of maybe a few thousand voters who they can reach 
on the phone or online. The ratio between observed and esti-
mated samples is almost the same, and so we might conclude 
that we should expect our knowledge about the Universe based 
on the Sloan observations to be about as accurate as a single 
opinion poll. Actually, things aren’t that bad. Not only are galax-
ies much simpler than people (a fundamental truth that makes 
astrophysics possible), but the Universe is much less variable on 
large scales than is opinion in America. For most purposes, 
therefore, we can assume that the volume covered by Sloan is a 
typical chunk of the Universe, and draw conclusions about the 
whole based on what the survey shows us.

One can, of course try and look deeper into the Universe as 
well. One of the great advantages astronomers have in trying to 
understand the Universe is our ability to see into the past. Sloan 
is a survey of the local and thus the present-day Universe, but as 
we look further away we receive light which has taken billions of 
years to reach us. By combining our views of near and far we can 
piece together the whole story.

The main scientific goal for which Sloan was built was to study 
the carefully plotted positions of its million galaxies in order to 
measure the expansion of the Universe. The galaxies are, in this 
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kind of study, nothing but trace particles, carried along on the 
grand expansion of space like so much flotsam carried by a river 
in flood. The first step towards this grander goal, though, was to 
identify enough galaxies, and that meant imaging a large area of 
the sky; in fact, Sloan ended up covering about a quarter of the 
entire celestial sphere. For most of the time, the telescope fol-
lowed the simplest possible observing strategy, allowing the 
sky to turn overhead while its sensitive camera grabbed images 
of whatever passed across its field of view. In all, more than 
300 million separate objects were recorded by the survey in its 
eight years of operation, and the resulting database and the pile 
of pictures that accompanies it are uniquely valuable. Among 
the haul, nearly a million fuzzy objects were identified as galax-
ies which were likely large enough, bright enough, and above all 
close enough to allow us to discern their structure. For many of 
these galaxies, we had not only images but spectra, careful stud-
ies of their light at each wavelength, which revealed the distance 
to the galaxy and much else besides.

This all sounds pretty impressive—and it really was—but the 
really groundbreaking thing lay in how the team of thousands 
who dedicated years of their lives to designing and operating 
the Sloan survey treated the precious data that resulted from 
their efforts. They would have been perfectly within their rights 
and consistent with historical precedent to hoard it for their own 
private use, taking the time to publish paper after paper while 
safe in the knowledge that, without data to match, the rest of us 
had no way of scooping them. Yet to my continued astonish-
ment, they chose to share the fruits of their labours with the 
world; an astronomer like myself who had put in no work at all 
has exactly the same right to use the data as those who had spent 
every working—or waking—moment of the last decade or two 
dreaming of what it might reveal. Not surprisingly, the Sloan 
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data quickly became one of the cornerstones of modern astron-
omy, triggering and then fuelling an explosion of interest in 
studying galaxy formation and evolution, a field of study that 
holds the key to understanding the history of the Universe.

I stepped into the changing world of professional research 
when I spent a summer as a 17 year old at the University of 
Hertfordshire, sponsored by the wonderful Nuffield Foundation 
to take six weeks to experience what life as an academic was 
really like. Nuffield still sponsor thousands of British students to 
spend time doing research during the summer, an experience I 
highly recommend to anyone thinking of research as a career, 
and looking to do something independent.

I was nominally employed to look at the effect icy dust grains 
had on light travelling through the environment about newly 
formed stars, but in reality this meant running computer pro-
grams over and over again while eating an obscene number of 
Danish pastries obtained from the university’s library cafe. The 
work itself was tedious, and I wasn’t very good at it, but I did 
enjoy the company of the astronomers and a glimpse into their 
world. Having written up the summer’s efforts I found myself at 
a ‘science fair’ organized by the British Association, and more 
through a certain gift of the gab than any scientific skill ended up 
as one of the UK’s representatives at the International Science 
and Engineering Fair, an annual American jamboree held that 
year in Philadelphia, and my first introduction to the weird cult 
of school science fairs that prevails across the pond.

The aim of these events is laudable. Through a hierarchical 
system of school, city, state, and national science fairs every pupil 
studying science could have a chance to get to grips with science 
as it is really practised, not just as presented in a textbook. Science 
fairs are a big deal in the US, as much a part of the high-school 
experience as rituals such as the prom (similarly foreign to me), 
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and the competition in Philadelphia was fierce. Scholarships 
worth hundreds of thousands of dollars were available to prize-
winners, and it would be difficult to underestimate the competi-
tiveness of two thousand or so teenage overachievers. I knew I 
was outmatched as I carefully stuck up the A4 pieces of paper 
that described my project, watching out of the corner of my eye 
as parent-assisted competitors assembled fully lit display booths 
and prepared experimental demonstrations. (In my memory at 
least, the winner that year was someone who had built a plasma 
chamber in their back garden.)

When the judging started strange things kept happening. 
Adult after adult looked at my pieces of paper, and then started 
asking where my hypothesis was, and how I’d gone about testing 
it. It’s not a completely crazy question, and you’ll be familiar, per-
haps, with the idea of hypothesis testing from school science—
you write down the idea you’re trying to test and the alternative, 
boring, ‘null hypothesis’, and then use data to distinguish between 
the two. For a simple classroom experiment, you might have a 
hypothesis like this:

Talking to plants will significantly improve their growth rate.

And a null hypothesis like this:

Talking to plants will make no difference (to the plants—effects 
on humans are not the focus of this experiment).

You could then take two plants, talk regularly to one while keep-
ing the other in splendid isolation, and in measuring the differ-
ence between the growth rate between the two gain some 
evidence in favour of either the hypothesis or its null partner.*

* I’m no botanical expert, but I did spend some time trying to find out what 
would happen if you actually did this. I’m sorry to have to report that the scien-
tific literature on this vitally important question is somewhat sketchy, but it 
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It’s harder in astronomy than in basic botany to design simple 
experiments, but in my case the judges were expecting the 
hypothesis printed proudly on the first sheet of paper to be 
something like:

Scattering of light off dust grains is responsible for the high 
levels of circular polarization observed in star-forming regions.

The null hypothesis would have been something like:

Scattering of light off dust grains cannot be responsible for the 
degree of circular polarization observed in star-forming regions.

According to the science fair judges, devoted to ensuring their 
competitors headed off to university with a decent understand-
ing of the scientific method under their belt, having written down 
these formal statements all I had to do was design the right 
experiment to test them, but I couldn’t see that it was that simple. 
To see why I was confused, I need to explain about the specifics 
of the problem involved.

Unfortunately, this means understanding the concept of cir-
cular polarization, which is both slightly obscure and overcom-
plicated. For starters, think about light. Since the work of James 
Clerk Maxwell and the other pioneers of nineteenth-century 
physics, we’ve known that light can be described as a wave, 
which travels through space.*

Everyone’s familiar with waves, so thinking of light as a wave 
sounds simple enough. We’re used to ocean waves, where a swell 
moving towards the shore lifts the water as it passes, and sound 

seems that while plants do respond to sound, only loud noises have any impact. 
Plants, it seems, would prefer clubbing to a nice quiet chat in the pub. If you act 
on this information by taking your yucca out on a Friday night, do let me know 
how it goes.

* It can also behave like a particle, but that’s due to quantum weirdness which 
need not distract us here.
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waves, where sound is transmitted by atoms in the air knocking 
into each other. (This is the explanation for why in space no one 
can hear you scream.) Those early pioneers of physics were much 
occupied with the question of what sort of wave light could be; it 
seemed obvious that it would need a medium to travel through, 
but this isn’t true. We now know to describe light as a wave that 
propagates itself, capable of travelling through even the vacuum 
of space. Think of it as a bundle of related electric and magnetic 
fields, each of which oscillates as light travels through space.

In this picture, the components of the light—the electric and 
magnetic fields—have a direction. They can be oscillating up and 
down, or right to left, or at any angle in-between, and in most 
circumstances and from most sources we receive light that is a 
mix of all possible directions of oscillation. There’s no particular 
reason for a source of light to spit out aligned waves.

If the light scatters off a surface, like the ground, this can 
change. Such scattering can produce light in which some or all of 
the oscillations are aligned; we say that it has become ‘polarized’. 
This ‘polarization’ can be useful; by making sunglasses out of a 
material that only lets through light oscillating in one direction, 
we can cut out the scattered light. Using such a material lets 
drivers can see more clearly, undistracted by light scattering off 
the surface of the road (Figure 5).

Because stars form deep in the middle of clouds of gas and 
dust, the light from a newly formed star quickly encounters a 
surrounding cocoon of dust, tiny particles of carbon or silicon 
about a tenth of the size of an Earthly grain of sand (Plate 3). 
These particles scatter the light and cause it to become polarized. 
My summer dabbling in research was concerned with what hap-
pens next. If polarized light is scattered again, then, instead of 
the oscillations all being lined up with each other, in the right 
circumstances a large fraction of them will tend to rotate in 
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either a clockwise or anticlockwise direction. This is what’s 
known as circular polarization—we say that light is circularly 
polarized when we get more clockwise than anticlockwise light 
from a source, or vice versa.

For most purposes, the presence of circularly polarized light 
makes little difference to anything, but there is one important 
exception. Some complex chemicals care deeply about whether 
the light hitting them is circularly polarized, and as these are pre-
cisely the chemicals that life on Earth depends on we too have a 
vested interest.

This phenomenon happens when an atom such as carbon 
makes four different chemical bonds, each with a different atom 
or set of atoms (Figure 6). A bit of thought or a glance at a dia-
gram will show there are two possible configurations, each one a 
mirror image of the other. No amount of manipulation will turn 
one into the other, any more than you can rotate your left hand 
to sit perfectly on top of the same shape as your right hand.

Such pairs are known as ‘chiral’ molecules, and because they 
have the same structure—they have the same chemical  formula—

Clockwise
Circularly Polarized Light

Quarter Wave Plate

Linearly Polarized Light

Linear Polarized

Unpolarized Light

Figure 5  Schematic showing transformation of light as it becomes 
polarized. Initially the electric field can appear in any orientation, but 
after linear polarization there is a preferred direction. Circular polarization 
favours rotation of the field.
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they will behave the same in chemical reactions unless they 
encounter another molecule which has this property of having 
different mirror images. When that happens, then left-handed 
and right-handed molecules will interact differently. For example, 
find some spearmint chewing gum; it owes its sickly sweet 
spearmint smell to the presence of just one type of a mirror mol-
ecule called carvone. Swap every molecule of carvone for its 
opposite and your chewing gum would taste not of mint, but of 
caraway—caraway seeds have the mirrored form of carvone. 
That might not seem too bad (I would buy caraway chewing 
gum, I think) but in some cases a benign compound can be trans-
formed into a deadly poison by the substitution of its mirrored 
opposite.

Such a case would provide a superb detective plot—it would 
be difficult for a police chemist with modest equipment to tell 
the two apart—but what these examples really reveal is that life 

F F

Cl Cl
H H

Br Br
C

C

C

Mirror

Mirror

C

H

H

H

H H

H
H

H

(R)-Bromochloro�uoromethane is not superposable on (S)-bromochloro�uoromethane 
(its mirror image). These molecules are chiral.

Methane is superposable on its mirror image, and therefore achiral.

Figure 6  Two forms of bromochlorofluoromethane, which are mirror 
images of each other. As the central carbon makes four different bonds, 
one form can’t be rotated or transformed into the other.
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on Earth has made a choice to prefer one mirrored set of molecules 
to another. Why this should be is somewhat mysterious, and it 
seems that astrophysics may have the answer. Recent astrochem-
ical revelations have shown that the chemistry found in and 
among star-forming regions is surprisingly complex; out in 
the darkness of space, on the surface of the dust grains from 
which planets will end up forming, chemicals as complex as 
amino acids—the building blocks of proteins, and hence of life’s 
chemistry—can form. We haven’t actually found amino acids 
yet, but we’ve got close and believe that the chemistry is well-
enough understood to infer their likely presence.

If such complex chemicals naturally appear in star-forming 
regions, could these space-forged complex chemicals have been 
the building blocks for life on Earth? Perhaps. We suspect that 
the Earth’s early years were rather unpleasant, with a tempera-
ture on the surface that would cause water and any other volatile 
chemicals that were initially present to boil away. The water that 
we drink—all the water, in fact, on Earth—may have been 
delivered here by an immense bombardment of millions of com-
ets and asteroids later in our planet’s history. If that’s true, and 
studies of at least one comet have shown that its water is a good 
fit for Earth’s, then it seems likely that a whole molecular cocktail 
could have been delivered to the then lifeless surface of what was 
rapidly becoming the blue planet.

This delivery mechanism may explain life’s preference for left-
handed molecules. If they formed in space, then they may have 
been exposed to light that was at least slightly circularly polar-
ized. Light which is circularly polarized so that the electric field 
rotates clockwise may find it easier to excite left-handed rather 
than right-handed molecules, whereas an anticlockwise polariza-
tion might do the opposite. In such circumstances, if you start 
with an equal (chemists would say ‘racemic’) mixture of both 
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left-handed and right-handed molecules, you might get chemis-
try happening in right-handed molecules than doesn’t happen 
on the left-handed side of things. If that happens, then you can 
see how the products of such chemical reactions—naturally, the 
more complex molecules—might tend to be more right than left 
handed or vice versa.

So if our mix of molecules in space was exposed to light with 
a sufficient degree of circular polarization then even before it 
ended up on our planet it may have been processed to produce a 
bias towards left-handed or right-handed molecules. That’s why 
the work behind my summer project was so interesting—it 
promised a link between the worlds of star formation and astro-
chemistry on the one hand, and of astrobiology and the origins 
of life on the other—and that brings us back to the hypothesis I 
was supposedly engaged in testing. Could a high degree of circu-
lar polarization be produced by scattering light off dust grains?

Science fair etiquette suggests that what’s needed is an experi-
ment. Astrochemistry can sometimes be done in the lab, but in 
this case setting up a star-forming disc of gas and dust and allow-
ing millions of years for it to evolve was a little out of my reach. 
As astronomers have done for more than half a century, in lieu of 
lab experiments I had to set up a computer simulation. Using a 
few simple equations (and someone else’s code) it was possible 
to set up an arrangement where light was assumed to have 
emerged from a young star of a particular size, mass, age, and 
brightness, to scatter from a first, dense cocoon of dust, becom-
ing linearly polarized in the process. Then, we want the light in 
our computer simulation to encounter a second dusty struc-
ture—perhaps a disc—and to calculate the degree of circular 
polarization resulting from this second scattering. It’s at this 
point we have to make choices. We have to decide on the size of 
the disc, and its shape. The strong and tempestuous winds blow-
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ing from the young star have likely cleared all the material away 
from its immediate surroundings, producing a gap at the centre 
of the disc, so we need to decide on the size of this region too. 
The dust grains themselves need a composition—are they car-
bon, or silicon, or a mix of the two?—and we need to work out 
whether they have ice or whether they are bare. They need a 
shape. Are they round? Or needle shaped? If the latter, how elon-
gated are they? That matters because nicely needled grains can 
become aligned in the presence of a magnetic field, and such 
alignments may lead to further polarization. How strong is the 
magnetic field? These and many other questions need answering 
if we are to make progress, and we’re already a long way from the 
simple plant experiment that could be reduced to a single test.

We can, if we choose, run a large number of simulations. Each 
time, we can keep almost all of the different parameters fixed, 
altering only one thing for each run. That might work here, for 
even complicated astronomical questions reduce to reasonably 
small sets of equations and variables, but for more complex sys-
tems this approach will break down. If you’ve ever been frus-
trated by a weather forecast, then one of the reasons is that even 
with some of the most powerful supercomputers in the world it’s 
simply not possible to build a model of the Earth’s atmosphere 
accurate enough to account for everything that observations tell 
us must be happening in this very complicated system. In the 
case of our light-scattering dust disc, we also have to deal with 
the opposite problem of creating a model so complicated that it 
can explain pretty much any set of observations.

This phenomenon, known as over-fitting, is a serious worry in 
cases where our ability to think of variables to fiddle with far out-
strips our ability to gather observations to test the worlds created 
inside our computers. The starkest example in the astronomical 
world is in the argument, now twenty years old, about how to 
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build a computer model large enough and detailed enough to 
allow us to study the evolution of large-scale structure in the 
Universe. Building such a cosmological model from first prin-
ciples, pinpointing and tracking the position of every atom 
within a cosmologically significant volume of space, is for all 
intents and purposes impossible. Yet we don’t in most cases have 
the luxury of treating the galaxies as simple point particles, inter-
acting only via gravity, because to compare the results of a model 
to the real Universe requires including messy phenomena like 
star formation (what cosmologists like to call, somewhat dismis-
sively, ‘gastrophysics’) which depend on the behaviour of indi-
vidual atoms. A computer model, no matter how beautiful, will 
fail to match what we can see if it can’t predict the formation of 
the stars whose light we observe and so, instead of building a 
simulation that would require a computer the size of the Solar 
System, there is a whole industrial complex of scientists spend-
ing their careers building what are called semi-analytic models.

The game here is to guess at a set of simple rules that match, 
even while they don’t explain, the behaviour of the system being 
studied. Maybe a galaxy converts 10 per cent of its gas to stars 
every billion years. Maybe it’s 5 per cent, or 2 per cent. Maybe it is 
10 per cent after all, but the process only occurs only when the 
galaxy has more than ten billion solar masses of gas on hand. Or 
maybe when it has more than a billion. Maybe a galaxy can con-
vert a certain percentage of its mass to stars, but after 500 million 
years activity associated with gas falling into the black hole at the 
galaxy’s centre heats up the gas and prevents star formation. Or 
maybe that happens after a billion years, not 500 million.

With each additional complication, both the list of rules and 
the list of things that can be altered to provide a better fit to the 
observations grow. What starts as a simple set of rules quickly 
becomes a long list of variables, of parameters that can be tweaked 
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to match the computer model to the real Universe. Need more star 
formation? Turn the knob on the left. Need your galaxies to stop 
growing earlier in the Universe’s history? Push the red button.

I’m being slightly unfair, and I think most would agree that 
semi-analytic models do a good job of accounting for the obser-
vations of the Universe we have today (there are a few interesting 
exceptions, as we’ll see in Chapter 2), but deciding when to add 
more complexity to the model is a difficult problem. As you 
make what started out as simple rules more complex, then you 
should, almost by definition, always do a better job of matching 
to any given set of observations without necessarily gaining any 
new insights. This kind of work, where the skills needed involve 
deep statistical insight and a good gut feeling for the status of 
your model, is a long way from the science fair vision of a unify-
ing scientific method with a single hypothesis being tested by a 
single experiment. The best I can do in writing down a simple 
hypothesis for a semi-analytic model of galaxy formation is 
something like ‘There exists a model I can make from rules which 
explains the observations we have of the large-scale structure of 
the Universe’, which is hardly satisfying. It’s a long way from 
what I’d actually chose in studying whether light is sufficiently 
polarized around a single young star to influence the chemistry.

I think that the process being followed here is so different from 
science fair procedure that you can think of the computer mod-
elling that’s become increasingly important in lots of sciences as 
a whole new way of doing science.

I imagine a band of stereotypical scientists. One sits, dressed 
perhaps in a Greek toga or covered in chalk at a blackboard, scrib-
bling equations before writing QED in big letters under some 
world shattering conclusion. They’re a theorist, looking for the 
mathematic underpinnings of the Universe. A second,  wearing 
a lab coat, is surrounded by bubbling test tubes and complex 
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 glassware. Their life is spent weighing things, in adding this to 
that and occasionally putting the resulting compounds into 
machines that go ‘beep’ and which spit out graphs. They’re an 
experimenter, testing the theories the other comes up with.

To this motley crew I think we should add a third character. 
They sit in a darkened room in front of a desk with four or five 
computer screens on it. Green numbers scroll upwards on at 
least one of the screens, and they type in a staccato fashion, caus-
ing a complex three-dimensional visualization of something to 
rotate on yet another screen. They are a computational scientist, 
and modern science needs them as much as it does the other 
two. (It also needs them to talk to the others, which is perhaps a 
much harder problem. But that’s another story.)

Understanding this change is key to following some of the 
most high-profile scientific debates of the moment. Our inability 
to model each atom of the Earth’s atmosphere means that belief 
in the reality of climate change essentially relies on a prediction 
from a semi-analytic model of the Earth’s atmosphere; every 
time you hear someone claiming that the science of climate 
change is falsified by the cooling of part of the Antarctic Ocean, 
or by an exceptionally cold winter they’re enduring, then you’re 
hearing confusion about how these categories of scientific 
thought are interacting.

This picture isn’t yet complete. Computer models, though 
they produce worlds which can be explored, observed, and 
experimented upon, are really a way of doing theory that suits 
our digital age. The equivalent observational mode lies in the 
freeform exploration of large data sets. Take the Sloan Digital 
Sky Survey, for example. In some sense it was a traditional 
experiment, with the goal of plotting accurately the positions of 
galaxies and thus measuring the expansion of the Universe. Yet 
if you go to the survey website, for each galaxy caught in its gaze 
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you can download maybe a hundred pieces of information. 
These include sizes, shapes, colours, and brightnesses, and 
plenty more can be deduced about each system. Is it a member 
of a cluster? Has it recently interacted with a neighbour? Is its 
massive central black hole actively feeding on gas, dust, and 
stars? We can force these questions into ‘traditional’ experi-
ments, or we can start not with a hypothesis, but by looking in 
the data for correlations, discovering for example that the most 
massive galaxies are reddest or that feeding black holes are bad 
news for star formation. This mode of discovery could be 
uniquely powerful. Done right, it holds out the promise of not 
only providing answers to our questions but of guiding us to the 
right questions in the first place.

This is the kind of promise that gets magazine articles and 
even books written, and data-driven discovery was labelled the 
‘fourth paradigm’ of scientific discovery as far back as 2009, in a 
collection of essays under that title published by Microsoft 
Research to commemorate the life of pioneering computer sci-
entist Jim Gray. The twin ideas of data exploration and ‘big data’ 
have attracted plenty of hype, but they are useful in illustrating 
quite how science is changing.

Imagine, for example, that you’re an astronomer at the turn 
of the nineteenth and twentieth centuries, interested in stars. 
Through careful observation, your colleagues have assembled a 
catalogue of observations of many of the brightest stars in the 
sky. Despite their diligent work, there’s not much to go on. Look 
carefully at the night sky with the naked eye or with a small pair 
of binoculars, and it is easy to see that stars have different col-
ours. Try, for example, looking at the two brightest stars in the 
easily recognized constellation of Orion, Betelgeux and Rigel. 
While Rigel is blue or white, Betelgeux, an enormous star which 
would engulf Jupiter were it placed in the centre of our Solar 
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System, appears orange or even red to the naked eye. As well as 
colour, we can easily measure the apparent brightness of the 
stars as well.

The breakthrough came when astronomers realized they 
could use a variety of methods to measure distances to at least 
the nearest stars. One simple method relies on an apparent 
shift—a parallax—in the position of a star relative to a more dis-
tant background as the Earth moves around its orbit, just as you 
can make a finger held in front of your face at arm’s length jump 
from side to side by looking at it first through one eye and then 
another. What measurements liked these allowed for the first 
time was the conversion of the apparent brightness of a star—
how bright it appears to be—into an intrinsic luminosity which 
reflects how powerful the stars actually are. So with colour, and 
luminosity, we have a data set we can explore.

Perhaps there’s a relationship between the two. In fact, if you plot 
luminosity against colour on what’s now called the Hertzsprung–
Russell diagram after two of the first scientists to do this system-
atically, you find that many stars lie on a rough line, known as the 
main sequence. Stars which are bluer tend to be more luminous. 
Those which are red tend to be less luminous, with the Sun sit-
ting on the main sequence somewhere between the two. Once 
you realize that the colour of a star reflects its temperature this 
makes more sense; a blue star like Bellatrix in the belt of Orion, 
thousands of times more luminous than the Sun, has a surface 
temperature of about 22,000 degrees Celsius—pretty hot, espe-
cially compared to the Sun’s 6,000 degrees. On the other hand, 
some of the coolest stars known, puny brown dwarfs, can have 
surface temperatures which are mild even compared to room 
temperature (Plate 4).

That this relationship exists therefore reveals that the source of 
a star’s luminosity must also be responsible for setting the  other’s 
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temperature, but more importantly the fact that the main sequence 
exists at all reveals that the stars that lie upon it must share a 
source of power. In fact, all stars on the main sequence are fusing 
hydrogen together in their cores to form helium, releasing energy 
in the process, and those which do not lie on the sequence are 
either protostars still in the process of getting to the point where 
they can sustain this sort of stable nuclear fusion, or else those 
which have graduated to other sources of energy, such as the 
fusion of helium into other, heavier elements. In this discovery 
from more than a hundred years ago, there is clear evidence of 
the fourth paradigm at work, as the exploration of stellar data 
pointed researchers in the direction of the correct theory for stel-
lar fusion. Of course, the full story of how astronomers came to 
understand how stars are fuelled is more interesting and compli-
cated than the simple version given above, and worthy of a book 
in its own right. What is important for my purposes is that the 
discovery of the main sequence provided powerful support for 
the idea of a single energy source for stars at very different tem-
peratures and with very different histories.

These days, astronomers studying stars have much more 
information at their fingertips. Most of the objects captured by 
the Sloan Digital Sky Survey were not galaxies at all, but stars, 
and a data set with hundreds of pieces of information about each 
and every one of them is available to researchers worldwide. This 
rich resource, and those from more targeted surveys, opens up 
the prospect of new insights into the processes of stellar evolu-
tion, but they also make the challenge of data-driven science 
apparent. We know, because of the work of Hertzsprung, Russell, 
and a century of astrophysics, that the ‘right’ thing to do is to plot 
temperature (or its proxy, colour) against luminosity. Coming in 
blind, that’s not so obvious; Alex Szalay at Johns Hopkins, a bril-
liant collaborator and a man responsible for much of the data 
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processing that sits behind the Sloan Digital Sky Survey’s power, 
ran an entire research programme with the sole aim of redis-
covering the Hertzsprung–Russell diagram among this data. The 
catch was that Alex’s group wanted to do so with their hands off 
the wheel, trusting in automated searches to identify the signal 
among the noise. Trying to discover the cutting-edge science of 
yesteryear among the modern data deluge sounds like a fool’s 
errand, but it’s surprisingly tough, emphasizing that new tech-
niques are critical if we’re to make the most of the data that we 
have.

And what a lot of data it is. Sloan seemed overwhelming to 
astronomers a few years ago, but what’s coming down the pipe is 
truly scary. I had my first glimpse of this future a few years ago 
shortly after walking onto the pitch of the University of Arizona’s 
football stadium. College football is, in Arizona as in much of the 
US, something of a big deal, and the stadium is impressive, 
immaculately tended and seating more than 50,000 fans of the 
Wildcats. Its real beauty, though, lies underneath the stands, 
far beneath the cheering crowds, where planners have taken 
advantage of the stadium’s deep foundations to create a stable 
environment for the university’s world-leading mirror-making 
laboratory. This is the domain of Roger Angel, a now ageing hip-
pie who combines the sharpest of scientific insight with a crafts-
man’s flair and love of tools. In the 1990s, Roger realized and 
demonstrated how to make enormous mirrors which were 
nearly hollow, supported by a honeycomb structure and thus 
much lighter and easier to manoeuvre than would otherwise be 
the case. They’ve become the de facto standard for large mono-
lithic mirror telescopes. The only alternative, utilized by the next 
generation of extremely large telescopes, is to use a mirror that 
comprises multiple, usually hexagonal, segments, but where 
possible the simple charms of a single mirror still hold sway.
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When I first visited the mirror lab under the stadium, a typical 
example of its products was laid out on the floor. Like most of 
Roger’s large mirrors, it was 8.4 metres across, a size dictated 
not by scientific need or even by cost, but by the maximum size 
that can be easily transported on American highways. I got to 
scramble on top of it, and tried hard to imagine it at the heart of 
an enormous telescope swinging around the sky. Since I was 
there, that mirror has had its turn on the enormous polishing 
machine, which ground it slowly to the correct shape with 
almost unbelievable accuracy by the careful application of a 
black goo called pitch in a process that, degree of mechaniza-
tion aside, hasn’t changed much since Newton’s day. The pro-
cess took months, but at the end of it the main mirror for the 
telescope that will drive astronomy’s new data deluge was 
ready.

The telescope in question is known, somewhat clumsily, as the 
Large Synoptic Survey Telescope (LSST). Large it certainly is; 
with its giant mirror, it can compete with the largest telescopes 
in the world today. The key word, though, is synoptic. The plan is 
for the telescope to complete a general survey, scanning the 
whole sky available to it on average once every three nights, 
making a movie of the sky. Among the thirty terabytes of data it 
will produce every night will be discoveries of asteroids whip-
ping around the Solar System, the signs of stellar death in the 
form of supernovae, and the flickering of galaxies as material 
falls irretrievably down to their central black holes. Construction 
of the telescope is now underway, yet astronomers including 
myself are still struggling to get our heads around the sheer size 
of LSST data. Even if, for example, you decide you only care about 
things that change from night to night, you should expect a con-
servative estimate of a million alerts a night. Filtering that list of 
events to find those worthy of our attention is essential for 
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LSST science, but understanding how to do that well requires a 
research programme of its own.

The LSST telescope is just a few years away, but we can already 
see even greater challenges on the horizon. The next big inter-
national project in astronomy is a radio telescope, known as the 
Square Kilometre Array (SKA). Rather than being a single mono-
lithic structure, the SKA will span two continents, scattering sen-
sitive radio receivers throughout the emptiest parts of southern 
Africa and western Australia. Away from the noisy trappings of 
civilization (and especially pleased to be free of interference from 
mobile phones), the SKA will listen to the cosmos with a sensitiv-
ity never before achieved. The telescope will be so powerful that 
there are serious worries that attempts to observe nearby sources 
with it will be swamped by the presence of millions of previously 
undetected background galaxies, and serious consideration is 
being given to the feasibility of finding alien airport radar on 
nearby planets.*

It’s the volume of data that matters, though, and here it’s hard 
to find a proper comparison. I could tell you that the SKA will 
provide as much information in its first week as exists in the five 
million million million words that have been uttered during the 
history of humanity. It is certainly an impressive statistic, with 
the additional advantage of being true, but I’m not sure it helps 
one really get a grip on what’s going on. Does it help to know 
that the total data rate flowing between dishes will amount to ten 

* Initially thought to be a promising source of signals for SKA-era SETI (the 
search for extraterrestrial intelligence), the consensus seems to be that the fact 
that we don’t know the rotation rate of the planets involved will stymie any 
serious search. It seems it may be simply too hard a task for us to expect to pick 
out an unknown signal without knowing when its host planet will be positioned 
just right for us on Earth to intercept a signal meant for the incoming space plane 
from Alpha Centauri. Still, the fact that this is even worth arguing about gives 
you an idea of quite how sensitive this new telescope will be.
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times the current traffic on the internet? I’m not sure, but take 
my word for it: SKA is a project that will live and die on its ability 
to handle large data sets, and this vulnerability is not confined to 
astronomy. Whether you’re an oceanographer contemplating 
data flowing from a new generation of Earth-observation satel-
lites or an ecologist carpeting your study area with motion sensi-
tive cameras, you’re going to spend a large part of the next decade 
thinking about data processing.

Of course, scientists have been here before. It’s the largest pro-
jects, whether the Human Genome Project or the LHC at CERN, 
that have had to confront the data deluge first. The world wide 
web was built as a way of sharing information produced by the 
latter, but the real action happens deep underground in the 
experimental cavities within which precision engineering brings 
the beams of particles, travelling in opposite directions around the 
27-kilometre-long tunnel at much more than 99 per cent of the 
speed of light, together to collide.

At the instant particles collide at these sorts of velocities a 
tremendous amount of energy is released, creating conditions 
not seen since the first tiny fraction of a second after the Big 
Bang.* Most of that energy quickly results in the formation of 
new particles which fly outwards from the point of collision. 
Many of the new particles are unstable, and so decay into fur-
ther particles, creating a complicated cascade of debris. It’s this 
shower of  particles, some created in the collision and some the 

* This statement of course ignores the possibility of alien particle physicists 
who may have built colliders greater than our own. This is perhaps unfair; any 
civilization which has grown to at least our puny technological civilization’s 
level has presumably its share of creatures with the same love of banging nature 
together to see what it’s made of that characterizes the Earthly experimental 
physicist. Still, if they are out there they don’t publish in our journals, which is all 
that really counts.
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result of  subsequent decay, that crash into the successive layers 
of detectors wrapped around the collider beam and are picked 
up by the carefully calibrated instruments. One layer might be 
designed to deflect and thus measure the properties of particles 
with positive or negative charge, while a final layer might be a 
calorimeter designed to absorb the energy of particles that 
make it that far.

By piecing together what each of these detectors find, the sci-
entists can work out what happened in the short time after the 
collision. When, on 4 July 2012, researchers from two of the 
experiments at the LHC, ATLAS and CMS, announced that they 
had evidence for the elusive Higgs boson—what they had actu-
ally seen was a repeating pattern of several different cascades of 
particles which corresponded to what was expected if the Higgs 
had (briefly) been created. There is no box of bosons in the CERN 
visitor centre, but the evidence for its existence had been piling 
up in collision after collision provided by the LHC’s collider team 
to the eager and waiting physicists.

But how did they find those tell-tale signatures in the data? 
Most events do not produce Higgs bosons. Indeed, the produc-
tion of such a particle is enormously rare, but luckily by 2012, 
over 300 trillion (300,000,000,000,000) collisions had been 
recorded. That breaks down to a rate of around 600 million col-
lisions a second, or 300 gigabytes a second of data, the equivalent 
of having the entirety of English Wikipedia read to you seven 
times each and every second. Were you subject to such a cacoph-
ony, I suspect you’d reach for the same solution as CERN’s 
 scientists. They filter the data they receive from the collider’s 
experiments, throwing out much of it almost instantly and keep-
ing only those events which match a predefined set of triggers. 
Anything corresponding to a Higgs event, for example, would be 
snarfled, saved for future Nobel Prize-winning analysis, but more 
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than 99.999 per cent of the data collected by the LHC is discarded 
within a second or so of being received.

The LHC, though, has never been just a Higgs-seeking machine. 
Plenty of other experiments are underway, each with their own 
set of triggers to snatch information from the flow of live events. 
One of the most exciting for those of an astronomical bent is the 
search for dark matter, and this is a little different. Dark matter is, 
we think, the stuff the Universe is made of. All of these atoms, all 
of these protons, electrons, and neutrons, all of these neutrinos, 
muons, and more amount to only so much scum floating on a 
sea of dark matter. It accounts for about 80 per cent of the matter 
in the Universe, and the embarrassing fact is that we don’t know 
what it is.

Help is, however, on hand. We have good evidence that what-
ever dark matter is, it behaves as if it is composed of massive neu-
tral particles. You might think of a sea of particles, each with the 
mass of the nucleus of a copper atom, but neutrally charged so 
that it can’t interact with light. (Such particles are known as 
WIMPs; weakly interacting massive particles.) If this explanation 
is accurate, then it seems possible that dark matter particles will 
be produced in some fraction of the collisions at the LHC. They 
would likely shun the embrace of both ATLAS and CMS detectors, 
fly straight through, and thus show up as a loss of energy in the 
experiment.

That missing energy would be hugely exciting, for it would 
mean that an unexpected particle, whether or not it turns out to 
be responsible for dark matter, was being created within the col-
lider. Knowing how much energy was missing (and thus the 
energy needed to create such a particle) would allow physicists 
to focus their search and start to pin down its properties. It’s pos-
sible, though, that the LHC would already have the data that’s 
needed; if the particles sometimes weakly interact with the 
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 detectors then in the morass of previously discarded data should 
be nuggets of gold.* More likely though, if the LHC is producing 
(as we all hope it will!) some truly unexpected physics, the years 
of prior experimental runs will count for nearly nothing. If the 
triggers weren’t set to collect the right type of data—if the evi-
dence for dark matter interactions or whatever else has been 
thrown out with the junk—then there’s nothing for it than to 
reset the triggers and run the experiment again.

This isn’t supposed to be a criticism of the LHC. The truth is 
that their data rate is so extreme, and our ability to capture, store, 
and sort data so puny in the face of such an onslaught, that they 
really have no choice but to throw out much of what is produced. 
They’ve also set triggers that might catch likely dark matter can-
didates, but I like thinking about CERN’s struggles to do the right 
thing because they make clear the complexity of modern sci-
ence, and the decisions that we have to confront when dealing 
with large data sets. We are a long way from simple experiments 
with one variable changed each time and into the realms of big 
computation—despite the hype, we have become reliant on big 
data.

Yet not all responses to overwhelmingly large data sets need 
be so alien. Sometimes, the solution is not to reinvent the pro-
cess of discovery, but instead to look at what scientists have been 
doing for years. It’s just that with more data, you need more sci-
entists. And that, dear reader, is where you come in. You, and 
everyone you know.

* I don’t mean that literally, although when the LHC is not colliding protons it 
collides lead nuclei, and this has probably produced a residue of gold, albeit not 
at an economically viable price. It’s still nice for modern physics to have fulfilled 
the dreams of alchemists through the ages, though.



2
THE CROWD AND  

THE COSMOS

When did humanity become aware of the Universe? Not of 
outer space itself, and not only of the stars that speckle our 

local neighbourhood, but of the whole kit and caboodle, the 
potentially infinite realm that stretches out for billions of light 
years in every direction? You can make a case, I think, that it was 
when we first discovered galaxies, or rather when we found that 
these often enigmatic objects were in fact immense systems of 
hundreds of billions of stars.

Look at a galaxy through a small telescope, and you won’t see 
any stars. You won’t, in fact, see much of anything, just a misty 
patch of diffuse light. Only when you realize that that light is 
generated by a vast number of stars, each too distant to be 
resolved, does the true distance to these objects become appar-
ent. They are revealed as what used to be known as ‘island uni-
verses’, individual travellers separated by vast oceans of empty 
space. A few centuries after being displaced from the centre of 
the Universe by the Copernican revolution, discovering that their 
galaxy, the Milky Way, was nothing special, dealt the denizens of 
Earth another blow to their collective ego.
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That might be depressing, or the vast scale of the stage on 
which the Universal drama is played out might inspire you. In 
either case, these discoveries were only the start of astronomers’ 
attempts to understand the formation and evolution of the galax-
ies. Our attempts to understand how we ended up with the 
Universe we see around us, and in particular how the galaxies we 
see got to be the way they are, are driving some of the most ambi-
tious and exciting projects in astronomy. It’s been that way for a 
while, and back in July 2007 I found myself listening to the latest 
arguments at a conference in Piccadilly organized by the Royal 
Astronomical Society.

I’m not sure what images the mention of a scientific confer-
ence will conjure up. Maybe a bearded Russian theorist mum-
bling nearly incomprehensibly at a chalky blackboard? Maybe 
a whole gamut of scruffy academics engaging in hand-waving 
debate about obscure and incomprehensible points? The latter’s 
about right, at least for the conferences I go to. Ignore any 
thoughts about calm and considered discussion; the atmosphere 
is often more febrile than you might imagine, but the rudest of all 
are not those indulging in backbiting and snark, but rather those 
of us who disappear into our laptops, barely conscious of being 
in a lecture hall at all. We’ll have fought for the few seats with 
power sockets, look up from our iDevices only occasionally, and 
will—at larger conferences—know to sit on the edges of vast 
hotel ballrooms so that we can plug in.

To hide from the speaker and get on with work you could be 
doing at home is rude, and distracting, but I’m as bad, if not 
worse, than most, and on that sunny July morning you’d have 
found me prodding at a laptop, grumpy in the middle of the back 
row in a cramped and already sweltering lecture theatre. It must 
have taken almost two or three slides from the first speaker to set 
my mind wandering and the search for viable Wi-Fi to begin. 
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At  least on that particular day I had a good reason to be dis-
tracted. A few hours earlier we’d launched a website called Galaxy 
Zoo (Figure 7), which asked anyone wandering past to help us 
sort through the mountain of data that the Sloan Digital Sky 
Survey had produced.* Having eventually found a connection, I 
was slightly perturbed that the site wouldn’t load. Stranger still, 
the email address we’d set up (asking people to get in touch if 
they found anything particularly interesting) was acquiring mes-
sages faster than the computer could download them.

The culprit was the BBC News website, where the story 
announcing our plea for help hovered among the top five most 
shared articles. We were above a story with the headline ‘Garlic 
“may cut cow flatulence” ’, which was gratifying for all sorts of 
reasons, but behind ‘Man flies to wedding a year early’. Later in 

* The original version of Galaxy Zoo is available at zoo1.galaxyzoo.org and 
the current version at www.galaxyzoo.org.

Figure 7 The original Galaxy Zoo website, complete with Sloan Digital 
Sky Survey galaxy ready for classification.

http://www.galaxyzoo.org.
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the day, we slipped further, as ‘Huge dog is reluctant media star’ 
took over at the top, but despite this surge in interest in Samson 
(at 6’5” Britain’s tallest dog but not one for the limelight) the fact 
that this many people were taking time to check out what was 
supposed to be an interesting side project was clearly remarkable.

Galaxy Zoo asked people to sort galaxies by shape, a request 
steeped in nearly a century of astronomical tradition. The galax-
ies that get all the press, the ones that show up at the start of any 
science fiction film with a decent budget for special effects, and 
the ones whose images grace posters, are spiral systems, just like 
our own Milky Way. We even call these systems ‘grand design’ 
spirals, a nod in nomenclature to their spectacular appearance. 
These celestial Catherine wheels are the Universe’s dynamic 
places, ever-changing discs lit up by the bright blue glow of 
young massive stars. These stars, the most massive, most lumi-
nous, and hottest in existence, burn through their fuel at a much 
faster rate than relatively puny objects like the Sun. Their youth-
ful presence therefore suggests a galaxy which is still capable of 
star formation, and they are predominantly found in spiral sys-
tems (Figure 8).

A sprinkling of bright stars can mislead. All that’s important 
does not glitter, and to concentrate only on spiral galaxies is to 
miss the real action. The true heavyweights of the Universe are 
giant balls of stars which often lurk in the centres of clusters of 
galaxies. These are the ellipticals. Not much to look at, the repu-
tation of these systems is best summed up as ‘old, red, and dead’. 
In other words, a typical elliptical galaxy is past its prime, devoid 
of the gas that is the fuel for star formation and missing as a result 
the young blue stars that give spirals their vim and vigour 
(Figure  9). These differences show that a galaxy’s shape must 
mean something. Pick at random two galaxies, an elliptical and a 
spiral, and it’s a safe bet that the elliptical will be more massive, 
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have less gas and fewer young stars, and live in a more crowded 
environment.

In fact, if you are only allowed to know one thing about a gal-
axy then go for its shape. Its shape—we’d normally say ‘morph-
ology’ to sound more scientific—contains a history of what’s 
happened to the galaxy over its billions of years of existence, a 
record of how it has interacted with its surroundings and how it 
has grown over the years. The division between ellipticals and 
spirals is really a split between galaxies with different stories to 
tell, and is as fundamental to astronomers as the realization that 
humans are broadly split into male and female would be to a 
researcher studying the health of a human population.

Figure 8 NGC3338 as seen by the Sloan Digital Sky Survey. This ‘grand 
design’ spiral has arms which are filled with clusters of young, blue stars.
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This is hardly news. The systematic study of the shapes of 
 galaxies dates back to the most prominent and praised observer 
of the telescopic age, Edwin Hubble. The man for whom the 
space telescope is named was originally a scientific outsider, a 
disappointment to parents who had expected him to go into the 
 family business of law. He got as far as a Rhodes Scholarship to 
Oxford, but it didn’t take him long to realize that the life of a law-
yer wasn’t for him. After a rather brief stint as a school teacher, he 
decided at the age of twenty-five that it was time to turn towards 
his real interest—astronomy.

There’s a quotation often attributed to Hubble from this time 
that has him grandly declaring that he’d rather be a third-rate 
astronomer than a first-rate lawyer. As it turned out, he did 
rather better than that. His first astronomical home was Yerkes 
Observatory in Wisconsin, a strange place to build a facility 
dependent on clear skies given its climate, but conveniently close 
to the University of Chicago and at that time one of the world’s 

Figure 9 NGC1129 as seen by the Sloan Digital Sky Survey. This elliptical 
galaxy lives in a densely populated region, and lacks recent star  formation.
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pre-eminent research facilities. Hubble’s PhD dissertation, based 
on his work at Yerkes and published in 1917, laid the foundations 
which would support his work for the next twenty years and 
more. It was a detailed study of what were then called nebulae, a 
word derived from the Greek for ‘cloud’ and normally used at the 
time for a hodgepodge of objects. Star-forming regions like the 
Orion Nebula I pointed my telescope at as a kid and distant gal-
axies were both ‘nebulae’, however different they now seem to us.

For a couple of centuries, observers had added to our cata-
logues of faint and fuzzy things, but Hubble’s contribution went 
beyond merely finding more of such objects. A telescope isn’t a 
complicated machine, not much more than a bucket for light 
that obeys the basic rules of optics. One of these rules says that 
how sharp the images an instrument produces will be (its ‘reso-
lution’) depends on the size of the mirror or lens being used (and 
on the wavelength of the light, but that’s another story). A larger 
telescope will, the blurriness and twinkling imposed by the 
Earth’s atmosphere notwithstanding, always produce a sharper 
image. Despite the Wisconsin weather, Yerkes gave Hubble 
access to really big telescopes for the first time, and his newly 
sharpened vision made it clearer than it had ever been that the 
blanket category of ‘nebula’ concealed remarkable diversity.

It was a great time to be a young and enthusiastic observer. 
New facilities were springing up, and after completing a brief 
stint in the army Hubble found himself in California with access 
to what was then the largest telescope in the world. This magnifi-
cent beast, now known as the 100-inch Hooker telescope, sits 
atop Mount Wilson looking down on the sprawling city of Los 
Angeles. The geography of the region conspires to create an 
inversion layer, with cold air trapped underneath warmer air, 
which is these days best known for trapping exhaust and producing 
the smog that blankets that most car-worshipping of cities. If you 
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can get above the inversion, though, you are rewarded with crys-
tal clear skies, and Mount Wilson is one of the sites with the best 
seeing in the continental United States (Figure 10).*

It’s easy, I think, to imagine Hubble’s excitement on arriving in 
this astronomers’ paradise, leaving frigid Wisconsin behind. 
Whatever his state of mind, he quickly got to work, publishing a 

* ‘Seeing’ is the term astronomers use to talk about the stillness of the air and 
hence the steadiness of the view provided. There are all sorts of technical ways to 
measure it, and a few non-technical ones too. For example, at Kitt Peak in 
Arizona, a count of circling vultures in the late afternoon is a reliable guide to 
how good a night it is going to be. As a rough guide, the deeper the blue colour 
of a daytime sky the better the seeing will be; think about the difference between 
the sky on a hazy summer’s day and the deep, crisp blue of a sunny day in winter.

Figure 10 Edwin Hubble—smartly dressed—observing at the Mount 
Wilson 100-inch telescope.
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paper emphasizing the distinction between those nebulae which 
merely reflect the light of stars embedded within them, like 
Orion, and those which emit their own light. It seems obvious to 
us now that these latter objects consist of stars, but even tele-
scopes as powerful as those at Mount Wilson refused to reveal 
individual stars. The obvious explanation is that these systems 
are far away, but then these nebulae appear bright enough that 
they must incorporate an almost inconceivable number of stars. 
This simple chain of logic results in the discovery (or, if you’re on 
the other side of the argument, the extravagant invention) of a 
Universe of scattered galaxies, each faint smudge of light swim-
ming into view as important in its own right as what has until 
this moment constituted the entire Universe.

Such grandeur requires equally extravagant standards of evi-
dence, and it’s not a bad rule of thumb that any theory which 
requires a massive reimagining of our place in space is likely 
wrong. The required clinching evidence that external galaxies 
really existed soon arrived, thanks to a systematic study of galaxy 
distances. Measuring the distance to something as far away as a 
galaxy is not easy, but just as Hubble was beginning his study of 
the nebulae astronomers had hit upon a useful method which 
made use of a particular type of variable star—Cepheids.

Cepheid stars swell and then shrink in a regular pattern, and as 
they pulse they also brighten and fade. That much has been 
known since the late eighteenth century. They are also relatively 
luminous, allowing them to be detected in distant galaxies, and 
catalogues comprising hundreds of the things were quickly 
assembled. One of the largest was put together by Harvard 
astronomer Henrietta Swan Leavitt, hired at the college observa-
tory as a ‘computer’, back when that was a job title and not some-
thing that sits on your desk. Leavitt’s task was to measure the 
brightness of stars that appeared on photographic plates obtained 
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by Harvard’s telescopes, and she spent particular time on the 
stellar population of the Magellanic Clouds. These two clouds are 
satellite galaxies of the Milky Way, in orbit around (and probably 
being consumed by) our own system, but for Leavitt’s purposes 
they were useful because stars which belonged to the clouds were 
far enough away that for all practical purposes they could be 
assumed to all be at the same distance from Earth. So a Magellanic 
star that appears brighter than another really is more lumi-
nous—we don’t need to measure its distance, something that 
causes a lot of headaches when dealing with stars in our own 
Galaxy. As a result, studying the Magellanic Clouds’ stars is key 
to working out how the Universe is assembled.

Leavitt’s catalogues included more than 1,500 Magellanic 
variable stars, twenty-five of which turned out to show the char-
acteristic Cepheid pattern. They revealed the Cepheids’ most 
important property, an obvious relation between their bright-
ness and how fast they were pulsing. The brighter the star is, the 
slower the pulse that powers its changes in brightness. This 
makes some sort of sense, I suppose, as we know that the bright-
ness of a star is partly due to its mass, and it’s not hard to imagine 
ways in which the mass of a star could affect how it would pulse, 
but it’s the use to which this new knowledge could be put that 
makes it really important. Once the relationship between the 
brightness and the period of Cepheids is understood, then all you 
need to do to measure the distance to a galaxy is to find a Cepheid 
within it. Record the period (the time for the star to complete 
one cycle of brightening and fading) and you can deduce the 
 distance—a remarkably elegant technique for measuring dis-
tances which is as much a part of cosmology today as it was in 
Hubble’s day.

Indeed, a large part of the reason that the Hubble Space Telescope 
is named after Edwin is that one of the high-priority tasks set for 
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it was to find distant Cepheids, expanding the volume of space 
throughout which we have solid, stellar distance measurements. 
The experiment it carried out was precisely that upon which 
Hubble’s contemporaries were embarked, and which provided 
incontrovertible evidence that separate galaxies exist.

And that’s not all. Hubble used observations from the new 
Californian telescopes to show that these galaxies appear to be, 
almost without exception, moving away from us. The few excep-
tions that exist are all local. I’ve already mentioned our Milky 
Way’s cannibalism of the Magellanic Clouds, and the nearest 
large system, the Andromeda Galaxy, also seems likely to be on a 
collision course with our own system. In our local neighbour-
hood, the gravitational pull between nearby systems such as the 
Milky Way and Andromeda is more important than and can 
overcome the expansion of the Universe, but on larger scales 
nothing resists the Universal expansion. What’s more, thanks to 
distances obtained from observations of Cepheids, Hubble 
showed that the further away a galaxy is, the faster it is receding 
from us. This observation, now often known as ‘Hubble’s law’,* 
above all else provides solid evidence of what we would today 
call the Big Bang. It is Hubble’s enduring legacy, although an 
entertaining debate is underway to decide long after the fact 
exactly how much of the credit he deserves.

Others had published data sets of similar quality to Hubble, but 
it does seem to have been his work that captured the imagination, 
diverting the flow of the debate that was raging in the 1920s and 

* As I was editing the book, the International Astronomical Union (IAU) for-
mally recommended that it be known as the Hubble–Lemaître law, to recognize 
the contributions of Belgian astronomer George Lemaître, who predicted the 
effect before it was observed by Hubble and others. I am slightly mystified why the 
IAU decided to busy itself with such a matter, but there was a vote and everything, 
with 3,167 astronomers in favour and 893 against. You can call it what you like.
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1930s over the structure of the Universe. Yet Hubble himself 
didn’t necessarily believe in anything like a modern Big Bang, 
and, leaving the hard work of building the foundations of the 
new cosmology to others, turned from using galaxies as particles 
tracing the behaviour of the space in which they sit to consider-
ing them as objects of study in their own right. What he came up 
with, which can still be found scattered through the pages of 
today’s textbooks, was a tuning fork (Figure 11).

The tuning fork was a way to organize and think about the 
diversity of galaxies that Hubble observed in the Universe. Along 
the handle he placed the elliptical galaxies, arranging these 
otherwise featureless galaxies by their shape. Starting with round 
galaxies, he worked his way along to those which look like rugby 
balls, and then to those almost cigar-like in structure. Along the 

Figure 11  A modern version of Hubble’s tuning fork diagram, still used 
as the basis of galaxy classification today.
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tines of the fork come the spiral galaxies, arranged in order from 
those with the most tightly wound arms to those where the arms 
are much looser. One branch was for spirals with a distinct 
straight ‘bar’ at their centre—so-called ‘barred spirals’—and the 
other for those without. A few scrappy little irregulars like the 
smaller of the two Magellanic Clouds apart, such a scheme could 
account for the whole diversity of the galactic zoo.

What could account for the various shapes? Having sorted 
them into a nice sequence, it’s tempting to see the diagram as an 
evolutionary one, rather like the familiar lineup that leads from 
crouching monkey to upright human. There was some support 
for this at the time Hubble was working, and it seems reasonable 
to believe that galaxies which started off as featureless balls of 
stars would slowly collapse under their own gravity to form 
discs. Within those discs would be spiral arms, the inevitable 
result of disrupting a rotating system, and these might well then 
unwind over time, completing the journey from one end of the 
tuning fork to the other. It’s an attractive picture, but one that 
turned out, sadly, to be complete nonsense. Galaxies don’t behave 
like that. Nonetheless, Hubble’s classification still tells us about 
the shape of galaxies, and it’s still used nearly a century later.

The idea that we’re talking about classifying galaxies might 
seem archaic in and of itself. The discoverer of the atomic nucleus 
and pioneering popularizer of science, Ernest Rutherford, dis-
missed such work as mere stamp collecting (physics alone, and 
his kind of physics at that, being exempt from being stamped 
with his philatelic scorn). But sorting things into categories often 
marks the first attempt to understand something scientifically, 
and it can be important even within the inner sanctum of phys-
ics, or, in this case, astrophysics.

Those taking a Rutherfordian view might expect classifica-
tions based on mere observation to cease to be useful as we start 
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to really understand the physics of galaxies. Simple labelling of 
what you see is fine to begin with, but Proper Science will pro-
ceed differently, and we should expect applying labels as straight-
forward as a shape to be left as a curiosity in scientific history. 
Just such an upheaval might be seen to be taking place right now 
in much of biology, for example, as genomic analysis rearranges 
our ideas about the relationships between species. A deeper and 
more useful classification of the tree of life can be found by look-
ing at where the action really is—in the DNA—rather than by 
carefully observing anatomical features. But for a long time, all 
biologists had to work with was the power of observation (and 
plenty would still argue for traditional, rather than genetic work 
as a means of making progress).

We might imagine that astronomers, too, will find some fun-
damental measurements that record a galaxy’s history and 
explain its behaviour today. If such fundamental parameters do 
exist, though, we’ve yet to find them and thus, lacking any celes-
tial equivalent to genetics, astronomers have little choice, more 
than eighty years after Hubble, than to carry on dutifully sorting 
galaxies into categories based on an antiquated tuning fork.

The difference between elliptical and spiral galaxies isn’t a 
temporary one. Left in isolation, a typical spiral will have enough 
fuel, primarily hydrogen, to go on forming stars for billions of years. 
As mentioned earlier, recent star formation also means that most 
spiral galaxies will be blue and elliptical galaxies red; the most 
massive stars are blue but they are also short lived. This is some-
what counter-intuitive, as you might expect the most massive 
stars to have more fuel for nuclear fusion on hand and thus to 
last longer. In fact, the rate at which nuclear fusion proceeds is 
exquisitely sensitive to temperature, and that in turn depends on 
the pressure exerted at the core by a star’s mass. More massive 
stars have much hotter cores, and so burn through their fuel 
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much faster, and the brightest and bluest of them may live for 
only a few hundred million years. Spiral galaxies, and in particu-
lar the spiral arms where most star formation takes place, are 
thus speckled with brilliant blue stars, while ellipticals are, for 
the most part, red.

Distinguished by their properties, the two sets of galaxies are 
also separated by their environments. The two types of galaxy 
often live in separate places. Take the neighbourhood we happen 
to find ourselves in. The Milky Way and the Andromeda Galaxy 
are two of the three large galaxies in our Local Group. The Milky 
Way is a spiral, and Andromeda is also a disc rather than an ellip-
tical. Its exact morphology is somewhat ambiguous, a situation 
not helped by its nearly edge-on presentation as seen from Earth, 
with the most prominent feature being a ring of recent star for-
mation. But if we broaden our definitions to distinguish disc gal-
axies, whether or not they have spiral arms, from ellipticals then 
the two comfortably sit within the same category.

This reflects the fact that the shapes we see are essentially a 
result of the dynamics of the material within the galaxy. Disc gal-
axies like the Milky Way are composed of material which orbits 
the centre in an organized fashion. The Sun, for example, travel-
ling at a little over half a million miles per hour, completes one 
orbit around the centre of the Milky Way in just over 225 million 
years, a length of time that is sometimes referred to as a ‘galactic 
year’, and most of its neighbours will do the same. The disc of the 
galaxy is relatively thin. As Monty Python’s ‘Galaxy Song’ has it, 
the Milky Way measures 100,000 light years side to side, but is, 
out by us, only a few thousand light years wide. Think of the gal-
axy as a large fried egg—ten centimetres across and a few milli-
metres thick—and you won’t be far wrong. By contrast, individual 
stars in an elliptical galaxy are each travelling on their own orbit 
around the centre of the galaxy, but they are all inclined at 
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 different angles, producing the football or rugby ball shape we 
see. There is no organized set of orbits as there is in a disc, and 
this reflects the real physical difference between the two sets of 
galaxies.*

M33, the third and final large member of our Local Group of 
galaxies, is also a spiral, and a beautiful one at that. Its multiple 
spiral arms are in danger of losing their unique identity, so dom-
inated are they by the presence of young star clusters. This sort of 
arrangement is sometimes known as a ‘flocculent’ spiral, its 
appearance somewhat reminiscent of a scattering of tufts of 
wool. That detail aside, our local neighbourhood’s large galaxy 
population shows signs of segregation: three large galaxies, all of 
them spirals.

Should we be surprised? The key is in understanding where we 
live. If you rank the environments in which galaxies are found, 
from the most densely populated regions to those which are 
emptiest, you find that we live in the cosmic suburbs. The Milky 
Way is not a hermit, in splendid isolation, but nor is our patch of 
space especially crowded. Looking around, this sort of environ-
ment is typically dominated by spiral systems, which seem to 
thrive today in less dense environments. Ellipticals dominate the 
Universe’s cities, mostly hanging out in vast clusters and super-
clusters of galaxies.

This talk of environments for galaxies would have surprised 
the astronomers of just a few decades ago. One of the most 

* I should probably point out that the use of these terms in the astronomical 
literature is often confusing, with things being made much worse by the pres-
ence of ‘S0’ galaxies that look like ellipticals but which have a disc hidden in 
them. People often use the terms ‘early-type’ for ellipticals and ‘late-type’ for 
spirals, the names deriving from the old mistaken idea that ellipticals eventually 
turn into discs. I’ll just use elliptical and spiral here, but really I’m trying to divide 
disordered systems from those galaxies, typically spiral, where a regular disc is 
the most prominent feature.
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 profound and interesting discoveries of the last few years has 
been that there is structure in the Universe even on the largest 
scales that we can map. Take the million galaxies of the Sloan 
Digital Sky Survey, for example. The survey was critically able to 
make a three-dimensional map of the Universe, recording not 
only the position of galaxies in the sky but also their distance 
from Earth. Cepheids aren’t visible at these distances, but we can 
make use of another yardstick—the expansion of the Universe 
itself.

I already mentioned that Hubble and others provided evidence 
that the Universe is expanding, and if you work backwards that 
leads you to the idea that everything began in a hot dense state 
just after something called the Big Bang which occurred 13.8 bil-
lion years ago (give or take a hundred million years or so; the 
accuracy with which the age of the Universe can be determined 
still astounds me). By expansion we’re not talking about the 
movement of galaxies through space, but as the expansion of 
space itself; think not of actors rushing away from each other, 
but of a stage which itself expands, widening the space between 
everyone standing on it. That expansion of space, which pro-
ceeds today at a rate such that every thirty billion billion kilome-
tres’ worth of space grows by seventy kilometres a second, has 
an effect on the light travelling through it.*

The expansion stretches the light to longer wavelengths, 
which correspond to redder colours. More distant galaxies cap-
tured by Sloan, therefore, look red when compared to their 
local compatriots, purely because of this redshift. Their spectral 

* In more sensible if less comprehensible units, astronomers would write this 
as 70 kilometres per second per megaparsec. A megaparsec is 3.26 million light 
years, or just over thirty billion billion kilometres. In whatever units, this value is 
known as Hubble’s constant, though it isn’t constant, but rather something that 
will change through time as the contents of the Universe act on the expansion.
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pattern—what you see when you split the light up into its com-
ponent wavelengths—shifts too. Elements emit or absorb light 
at particular wavelengths, and we can create a list of those wave-
lengths by experiment in the laboratory. We still see the same 
pattern of lines corresponding to elements such as oxygen in the 
galaxy spectra, but shifted, and so we can compare the measured 
galaxy spectrum to the standard one and measure the redshift 
that way.

This measurement contains information about how the 
Universe has expanded during the millions of years light from a 
galaxy has been travelling towards us. (When we want to talk 
about the intrinsic colour of a system, as when considering star 
formation, we usually have to adjust for this effect.)

Conversely, if you understand the expansion then the redshift 
becomes a measure of distance to a particular galaxy. The Sloan 
survey’s efforts thus included taking a spectrum for each of 
nearly a million galaxies, a task made more complicated by the 
fact that only the best nights, when the air is stillest, could be 
used for this delicate work. Sloan did, however, have an advan-
tage over previous surveys, in being designed to take hundreds of 
spectra at once. For each patch of sky it might observe, a metal 
plate was prepared, drilled with holes corresponding to the posi-
tion of each galaxy. Into each of these holes, a fibre optic cable 
was plugged, carrying the light from a distant galaxy on the last 
few metres of its journey to the instrument that would analyse it.

Compared to the old method of pointing the telescope at each 
galaxy in turn, this provided for great efficiency, but at the cost of 
having to complete the laborious task of plugging fibres into the 
holes in the plate. A rival survey, called 2dF, spent great time and 
effort producing a fibre-handling robot to do the job. It’s a better 
long-term solution, but Sloan just relied on the efforts of junior 
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astronomers, whose labour proved an easy if unsatisfying solu-
tion to the problem night after night and plate after plate.

The results of all of that effort were spectacular. Sloan and 
 similar surveys revealed with clarity what previous data sets had 
only led astronomers to suspect. The Universe around us is a 
honeycomb, a cosmic web of clusters and of filaments which 
wind their way around enormous empty voids. Each of these 
superstructures is made up of thousands or hundreds of thou-
sands of galaxies; the largest of them, the Sloan Great Wall, is 
more than a billion light years across.* The fact that there are dif-
ferences even on these enormous scales has consequences. 
Jumping millions of light years in any direction from the Milky 
Way could place you in a very different place, surrounded by dif-
ferent types of galaxies or even, if you end up in a void, with very 
little company at all.

In the densest parts of these superstructures, a spiral galaxy 
like our own would look rather out of place. Clusters and super-
clusters of galaxies are the realm of enormous galaxies which are 
almost uniformly elliptical. Even smaller examples like the Virgo 
Cluster, at 54 million light years away our nearest example, have 
plenty of ellipticals among their population. The densest part of 
that cluster, centred on a galaxy called M87 which itself weighs in 
at 200 times the mass of the Milky Way, is almost entirely popu-
lated only by ellipticals, with spirals mostly relegated to a few 
surrounding groups of galaxies which might still be in the pro-
cess of being absorbed by the main cluster.

* Studying such a vast structure is rather difficult, and arguments about the 
Sloan Great Wall still rage. There’s some evidence that it isn’t one, but rather 
three different structures superimposed onto each other. The problem is not 
merely of cartographic interest; understanding the odds of such a large structure 
forming provides neat constraints on cosmological theories.
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Given these facts, galaxy classification may seem to be a  simple 
matter. Ellipticals are red, and live in great galactic cities. Spirals 
are blue, and live in the sticks. Anyone wanting to select one at 
the expense of the other could just sort by colour. Pick a handful 
of red galaxies, and they’re likely to be ellipticals. Stick to blue 
ones, and you’ll probably come up with a fistful of spirals. 
Alternatively, we could take a bunch of elliptical galaxies and 
expect them to be red, or collect spirals and then look and find 
they were almost all blue.

This close connection between colour and shape makes it 
sound like visitors to the Galaxy Zoo website were wasting their 
time, but things were much more interesting than that. I’d first 
had an inkling that things might not be simple when, nearly a 
year to the day before the launch of the site, I’d gone up to Oxford 
for a job interview. I was coming to the end of my PhD (and more 
practically, to the end of the grant I’d been awarded to complete 
it which was paying the bills). I was nervous, and intimidated by 
the place and the department, and the most critical part of the 
day consisted of giving a seminar on my work to a busy crowd. 
I’d rather more of them had been distracted by whatever was on 
their laptops than listening to me blather on, trying to demon-
strate my deep and abiding desire to work on extragalactic astro-
physics by reviewing work I’d just completed.

I’d been working on updating a classic, simple model of how 
the details of the expansion of the Universe affects the galaxies 
that form within it. Less than a decade earlier, careful measure-
ments had revealed to astronomers that the expansion of the 
Universe is not slowing down under the influence of gravity, as 
might have been expected, but rather that it was speeding up. We 
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still don’t know why this is happening,* but it has profound con-
sequences for every aspect of our understanding of how the 
Universe evolves.

The point of my work was to reconsider the formation of ellip-
ticals. This sort of work, more connected to theory than my nor-
mal stuff, is fun, but not my natural territory—hence being 
worried about the talk. As it turned out, I’d barely started talking, 
and was still feeling exposed, nervous, and uncomfortable, when 
I was interrupted, loudly and insistently, from the other end of 
the room.

I’d just been going through the motions of explaining where 
my data came from and how I’d selected a sample of reliably 
elliptical galaxies to use. Looking up, I saw that the man inter-
rupting was on the other side of a long table, short, dark haired 
and smartly dressed. I was wearing a suit (usually a giveaway in 
academia that a job is on the line), but my questioner was smartly 
dressed too, the only other person in the room wearing a jacket. 
I hadn’t noticed him when I walked in, and had no idea who he 
was, but now he was leaning forward, hands steepled together 
as he tore into the way I’d selected the galaxies used in my study. 
The problem, it seemed, was that I hadn’t been nearly careful 
enough in picking out a selection of nice elliptical systems. I’d 
assumed the red galaxies in my sample were elliptical, but, the 
heckler said, this isn’t true. Not all red galaxies are elliptical, he 
said, and he knew this because he’d looked at them.

I eventually just shrugged and said I’d done what many others 
had done in picking out galaxies by colour and moved on, but I 
was distracted for the rest of the talk. I must have said something 
sensible, though I couldn’t tell you what, and a few months later 

* We blame a mysterious force called ‘dark energy’, which we will meet again 
in Chapter 6.
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I found myself wandering up the concrete stairs of the Denys 
Wilkinson Building, home to astrophysics in Oxford, to begin 
my post-PhD life as a postdoc in Oxford.

My task was to look at how the chemistry associated with star 
formation might change in different galaxies, and for that I 
needed to find star formation happening in as wide a variety of 
galaxies as possible. That meant I couldn’t do what I’d done 
before, and just select red galaxies in the confident belief that 
most of them would be elliptical. Instead, I found myself chatting 
to the smartly dressed chap who’d nearly derailed my interview, 
and who turned out not to be a senior lecturer with a grudge but 
a precocious graduate student from Switzerland named Kevin 
Schawinski.

Kevin had demonstrated that it was possible to distinguish 
ellipticals from spirals, but he hadn’t enjoyed the solution very 
much. Looking at an image of a random galaxy and being able to 
distinguish fuzzy spiral arms turns out to be something of a 
human speciality. Just before I turned up in Oxford, blithely 
throwing my sample of ellipticals together, Kevin had spent a 
week doing nothing but looking at images of galaxies. He would 
eventually work his way through 50,000 Sloan images, demon-
strating that at this particular task humans still have the measure 
of computers.

The fact that the software that runs on the lump of matter 
between our ears can outperform that running on our laptops 
perhaps shouldn’t be too much of a surprise when it comes to a 
pattern recognition task like this one. The truth is that evolution 
has left the human race staggeringly well equipped for galaxy 
classification, albeit as an unintended consequence of making us 
good at pattern recognition in general. Think about walking 
through a busy town centre, preoccupied with a shopping list or 
the cares of the world. You pass people, tens or even hundreds of 
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them, before stopping dead as an old friend or new acquaintance 
hoves into view. This is the kind of pattern recognition task we 
all perform thousands of times a day without even thinking 
about it, but it’s still hugely challenging for computers. Yes, facial 
recognition software has come a long way—my computer makes 
a half-decent stab at guessing the identities of my few closest 
friends when they appear in uploaded photos—but only after 
the investment of hundreds of millions of dollars in research 
funding. Sitting in Oxford, thinking about classifying millions of 
galaxies, the best Kevin could do was knuckle down and start 
looking. The experience left him with a nice clean sample of 
elliptical galaxies and, as I found out, some strong opinions about 
the right way to do things.

Kevin was right to be convinced about the virtues of visual 
inspection. Unfortunately, the research I wanted to do required 
classifications for the entire survey. In the old days, back when 
surveys contained only hundreds or thousands of galaxies, this 
wouldn’t have been a big deal, but neither Kevin nor I were keen 
to spend the best part of five months doing nothing but classify-
ing galaxies. There was a bigger problem, too. Kevin’s classifica-
tions are all very well, but any truly radical result that came from 
using the classifications would be vulnerable to the charge that 
he simply didn’t know what he was doing. Don’t agree with the 
classifications? Criticizing the classifier would have been a sensi-
ble tactic, and the only way to ameliorate its effect would be to 
get a second classifier to work through the same set of galaxies, 
turning months of effort into years.

Clearly this wasn’t a sensible use of anyone’s time. I tried buy-
ing Kevin plenty of beer in the Royal Oak, the traditional water-



62  The Crow d a nd The Cosmos

ing hole for Oxford astronomers,* but despite this lubrication he 
wasn’t keen on further classification either. Sitting among the 
grand old beams of the pub, we realized that the only solution 
available was to call for help. Since I’d been a kid with a telescope, 
I’d known (and dreamed about) the discoveries that amateur 
astronomers could make; here was a chance for them to help me. 
Selfish, perhaps, but the thought did occur to me straight away 
that this was a way that anyone could contribute, without need-
ing to spend thousands of pounds on a telescope.

The plan, quickly formed, was simple. Leave the pub. Call in a 
few favours from people we knew who could build websites to 
get something simple put together. Give talks to local astronom-
ical societies, including increasingly desperate pleas to help with 
galaxy classification. Say fifty people in each audience, each of 
whom do 200 classifications each. Give two talks a month for 
five years, and we should have had everything classified once by 
2012. Would it work? Would people really give up their spare 
time to help with my work?

I was confident this might be a plan crazy enough to work. 
I’d heard about—and tried to participate in—a project called 
Stardust@home which had sent tens of thousands of people 
searching through blurry images of dust grains which had been 
brought back from a comet by a robotic spacecraft. (I say I tried 
to participate; Stardust@home had a test you had to pass before 
being presented with the real data, and I could never do well 
enough to get in. Though I’d spent several years thinking about 
the chemistry that happens on them, it turns out that even with 
the training the website provided I couldn’t recognize an inter-
stellar dust grain if one was staring me in the face.) ‘If people will 

* For complex sociological reasons, we’re now more likely to be found in the 
Lamb and Flag.
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look at dust grains’, went the logic, ‘surely they will look at gal-
axies’. And look they did. The flood of traffic that prevented me 
 getting to the website on that summer’s day back at the Royal 
Astronomical Society was testament to how powerful the call 
for help actually was. Volunteers flocked in from all directions; 
an appearance on the BBC Radio 4 flagship Today programme 
sent us plenty of traffic from London’s political classes (if the 
email addresses I noticed were anything to go by), and an appear-
ance on the Wikipedia home page sent us a collection of people 
who were used to rolling up their virtual sleeves and getting 
stuck in online. So overwhelming was the demand that the ser-
ver which provided the galaxy images, which had been serving 
astronomers happily for a year or two from its home in Alex 
Szalay’s lab at Johns Hopkins University, buckled under the 
strain.

That could have been it for the project, but to my immense 
relief and overwhelming gratitude the team in Baltimore took 
pity on us and got the server back online. Soon, more than 
70,000 classifications were flowing into the Galaxy Zoo data-
base every hour. Better than that, it was clear pretty quickly that 
the classifications were good, probably close to if not better than 
Kevin’s. But sorting out exactly how good they were would take 
some effort.*

One dark evening a day or two after the Royal Oak discussion 
with Kevin, I was sitting at the bar of another historic Oxford 

* This book isn’t a history of Galaxy Zoo, nor does it focus on web develop-
ment. But I’d be remiss if the names of Phil Murray, the original designer, Dan 
Andreescu, the original developer, and Jan Vandenberg, the sysadmin at the Johns 
Hopkins University who saved the day on our launch didn’t appear somewhere. 
Nor was launch day the only time I had cause to be grateful to Johns Hopkins; a 
few weeks after launch, we discovered a bug in the code which meant that classi-
fications were being wrongly recorded. Luckily, the problem was interesting 
enough to be worth Alex’s time, and he was able to straighten everything out.
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pub, the Eagle and Child, with Kate Land, my officemate.* A bril-
liant cosmologist I’d long since forgiven for beating me to several 
scholarships, Kate was best known as the discoverer of astrono-
my’s ‘axis of evil’, an alignment of features in light emitted just 
400,000 years after the Big Bang (the cosmic microwave back-
ground) that just shouldn’t have been there. Before leaving 
astronomy for a hedge fund, Kate managed to publish a paper 
using newer data that made the axis mostly vanish, but on this 
particular evening she was exercised by a different problem. 
Staring into her glass of Zinfandel blush, she told me about a 
paper which had just appeared on the arXiv preprint server.

While astronomers still publish papers in traditional journals, 
the main way they’re shared is via this thirty-year-old website. 
In some fields, especially cosmology, papers are published on 
arXiv for comment even before they are submitted to a journal; it 
makes for more rapid communication and allows ideas to be 
bandied about long before they are ready for more formal review. 
This particular paper, which had crossed Kate’s desk because it 
mentioned her axis of evil, was by Michael Longo. Longo, an 
emeritus professor from Michigan, was a distinguished particle 
physicist who had recently become interested in astrophysics, 
and specifically in the question his paper set out to answer: ‘Does 
the Universe have a handedness?’

To answer this apparently obscure question, he’d looked at a 
few thousand galaxies in Sloan, selecting the spirals and record-
ing whether they appeared to be rotating clockwise or anticlock-
wise. (The direction of the arms tells you, in most cases, which 
way the galaxy is turning; they drag behind the direction of rota-
tion.) He found, surprisingly, that there were more anticlockwise 

* You might conclude from this part of the tale that pubs are important in 
British astronomy. You might think that. I couldn’t possibly comment.
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than clockwise spirals, a result crazy enough to scare cosmolo-
gists (Plate 5).

If this result is real, it means two things, both of them dramatic 
body blows against the modern cosmological consensus. First, it 
suggests that some force is capable of organizing galaxies scat-
tered right across the enormous volume covered by the Sloan 
survey; Sloan, remember, covers a quarter of the sky. Second, 
it violates the nearly sacred rule known as the cosmological 
 principle—the idea that any large-scale observation of the 
Universe should not depend on your position within it—an alien 
 astronomer looking on the same set of galaxies from the other 
side would see the measurement reversed, so that more clock-
wise than anticlockwise galaxies appear. Messing with the 
cosmological principle is bad news; a violation of it means that 
we can’t trust our own view of the Universe.

There was more to it, too. Longo looked for an axis of sym-
metry in the data, a way of splitting the Universe in two such that 
(most of) the anticlockwise galaxies were on one side and (most 
of) the clockwise galaxies were on the other side. In the case of a 
very strong effect, you might be able to literally divide clockwise 
from anticlockwise galaxies with a single axis, but even Longo 
wasn’t claiming our Universe was like that. What he had found 
was that if you took the line that was closest to that ideal case—
the line that did the best possible job of dividing those galaxies he 
classified as clockwise from those he recorded as anticlockwise, 
then it aligned almost perfectly with Kate’s axis of evil.

As the axis of evil that Kate had found was in the cosmic 
microwave background, it was a feature of the Universe in its 
very early days. To find that such a feature persisted in the popu-
lation of galaxies we see around us more than 13 billion years 
later suggested that we didn’t really understand galaxy formation 
at all. The growth of everything we see would have had to pre-
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serve this Universe-scale feature across the aeons, and there’s no 
good explanation for how that could happen. If you believed this 
paper, then modern cosmology and astrophysics were about to 
fall apart.

I should probably emphasize that it wasn’t despair for the state 
of modern cosmology that drove Kate and me to the Eagle and 
Child that night. For one thing, we simply didn’t believe the 
result. Longo simply hadn’t classified enough galaxies, it seemed, 
to be able to make such claims, any more than you could toss a 
coin twice and conclude on the basis of just those flips that it had 
heads on both sides. More spiral galaxies, and hence more clas-
sifications, were needed. A couple of extra buttons were easy to 
add to the Galaxy Zoo interface asking volunteers to record the 
direction of rotation of spiral galaxies, and we could test Longo’s 
challenge to conventional cosmology.

Actually, because it is such a clean measurement, checking for 
any rotational conspiracy turned out to be an excellent way of 
testing the Galaxy Zoo classifications. With so many people tak-
ing part, we were able to have many people look at each image. In 
turn, this meant that for each image we didn’t just have a classifi-
cation, but also some idea about how confident we should be. 
There is a world of difference, as it turns out, between a galaxy 
which ten out of ten people agree is spiral and one where only six 
out of ten click the spiral button. After cleaning up the data, 
removing the classifications of the very small number of people 
who seemed to have clicked randomly, we were left with ‘clean’ 
samples of hundreds of thousands of both spirals and ellipticals.

The former was the perfect set to test Longo’s claims, which 
we were sure were nonsense. You can imagine, therefore, the 
confusion in the office when it became clear that, despite hav-
ing a hundred times more spirals available, Galaxy Zoo also 
had an excess of anticlockwise galaxies. Was this evidence for a 
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universal magnetic field? Was the Universe small and shaped 
like a doughnut, as one theorist who shall remain anonymous 
suggested?*

As it turned out, probably not. Before we rushed to publish 
our Universe-shaking paper, we took the precaution of flipping 
some of the images in Galaxy Zoo so that people were suddenly 
classifying mirror images of the galaxies. Had the Universe really 
preferred anticlockwise galaxies, for whatever reason, then we 
would have seen a flood of clockwise classifications of these mir-
rored systems. No such flood occurred. In fact, we still recorded 
an excess of anticlockwise galaxies. The fault, it seemed, was not 
in the Universe but in ourselves. Something in the way that the 
human eye and brain process images makes it easier to see an 
anticlockwise than a clockwise spiral. It’s not that people are see-
ing a clockwise spiral on Galaxy Zoo and mistaking it for an anti-
clockwise one, but rather that we just miss the spiral arms in a 
small proportion of clockwise systems. That slight bias in our 
perceptions, added up over the classifications received for thou-
sands of galaxies, resulted in something that appeared significant.

Lots of explanations have been proposed over the years for 
this surprising result. Perhaps it’s something to do with the fact 
that most Galaxy Zoo classifiers read from left to right. We 
should probably check by asking the same question of Hebrew 
or Arabic speakers. Perhaps it’s something to do with what’s 
known as the silhouette illusion.† An image of a pirouetting 
dancer created by Flash artist and designer Nobuyuki Kayahara, 
this figure has the power to distract an entire lecture audience 
who will be mystified by their inability to agree on the direction 

* This topological solution sounds deep and profound, but was, I suspect, a 
sign of desperation at explaining such a ridiculous result.

† <https://en.wikipedia.org/wiki/Spinning_Dancer>.

https://en.wikipedia.org/wiki/Spinning_Dancer
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of spin. Stare at the figure long enough, and you will see it flip 
between clockwise and anticlockwise rotation as your brain 
changes its mind about how to translate this two-dimensional 
image into three-dimensional space.

Something similar might well be happening as we view the 
galaxy images, but as astronomers I’m afraid to say that the 
explanation wasn’t nearly as important to us as the fact that we 
could measure the bias by looking at the differences in classifica-
tions between the real images and the mirrored ones, and get on 
with science as a result. By doing so, we found that spiral galaxies 
which are close to each other are most likely to be spinning in the 
same direction, suggesting that they inherit their spin from the 
larger-scale structure around them and discrediting an older 
idea, which suggested that they could spin each other in opposite 
directions.

Michael Longo wasn’t hugely impressed with our results, if 
reports of people who’ve talked to him are to be believed. To give 
him credit, he went back and redid his experiment with ran-
domly rotated images of galaxies, deriving what appears at first 
glance to be a significant result which has been published in a 
journal. I haven’t had time to dig into the details, but suffice it to 
say that I’d be very, very surprised if the Universe turns out to 
prefer anticlockwise to clockwise galaxies. Such quibbles aside, 
we were pretty happy. We’d managed to detect a subtle effect, 
and get decent science out of the resulting data. More to the 
point, it was clear that the volunteers taking part in Galaxy Zoo 
could contribute high-quality classifications. It was time to go 
looking for the unusual galaxies that had inspired us to build and 
launch the project in the first place—including star-forming and 
therefore blue ellipticals.

The hunt for these systems was now reduced to writing a data-
base query, something that took seconds and which no one out-
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side of a science fiction film can make dramatic. The results, 
though, were eye-opening; we found plenty of ellipticals with 
star formation rates that seemed to exceed the Milky Way’s. Our 
galaxy turns one or two solar masses worth of gas and dust into 
stars each year, but some of these systems were reaching rates of 
fifty or more. They were less massive than the average elliptical, 
but otherwise seemed perfectly normal. Best of all, the careful 
calibration we’d been able to do with the Galaxy Zoo results 
allowed us to be sure that for most of them it wasn’t that we’d 
missed spiral arms that were too distant or faint to be seen. These 
were really star-forming ellipticals, and now we knew they were 
there we could point telescopes at them.

The telescope of choice was the IRAM radio telescope 
(Figure 12), the pride and joy of the Institut de Radioastronomie 
Millimétrique, situated among the slopes of a ski resort in the 
Sierra Nevada. IRAM is a strange place. In winter you reach the 

Figure 12  The IRAM 30-metre telescope, near the Sierra Nevada Ski 
Station above Granada. It has the best food of any observatory I’ve been to.
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observatory by taking the ski lift among holidaymakers in 
designer ski gear, but the same climatic conditions that make for 
good skiing under clear blue skies make it a pretty good site for 
observing molecules. It’s not as high up, and thus not quite as 
good for sub-millimetre astronomy as Mauna Kea, but the tele-
scope is twice the radius of the JCMT and the food is the best of 
any observatory I’ve ever been to. Skiing plans and culinary 
delights aside, access to IRAM was exciting because it allowed us 
to measure the amount of molecular gas present in our blue 
ellipticals. Molecular gas—primarily molecular hydrogen and 
carbon monoxide, the latter of which could be detected by the 
telescope—is necessary for star formation, and so this was the 
equivalent of checking the fuel gauge in the car. If there’s plenty 
of molecular gas, then your galaxy is good to go for billions of 
years of star formation. If supplies are running low, then it’s the 
end of the road unless new supplies can be taken on board.

Even before grabbing IRAM data, we knew that not all the blue 
ellipticals were the same. We could tell, by paying close attention 
to their colours, that activity in most was on the decline, but the 
time since the peak of recent star formation could be anything 
from a few tens of millions of years to a billion or so. What we 
found from IRAM was that the timing mattered a great deal, with 
a sudden drop in the amount of molecular gas available occur-
ring roughly 200 million years after the peak of star formation.

Something must be happening to switch off star formation in 
these systems at roughly that timescale, either by heating the 
molecular gas so it would no longer show up in the observations 
we were making with this telescope, sensitive only to the emis-
sion from cold gas, or by expelling it from the galaxy entirely. 
More importantly, these galaxies are providing us with a local 
laboratory to study the formation of ellipticals, a process much 
more common in the early Universe. Similar, parallel work by 
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other members of the Galaxy Zoo team, particularly Karen 
Masters in Portsmouth, teased out what red spirals can tell us; 
these galaxies, too, are undergoing a transition from a star- 
forming phase to quiescence, though perhaps a less violent one 
than the galaxies we’d been studying at IRAM.

By measuring the colour of a galaxy, which represents its 
 current state, separately from its shape, which tells us about its 
longer history, Galaxy Zoo volunteers are providing real insight 
into the Universe. Because there’s a substantial population of 
each type of galaxy at all colours, we understand their more 
complex histories. As the indefatigable and indispensable mod-
erator of the Galaxy Zoo forum, Alice Sheppard, pithily wrote: 
‘Ellipticals are red. Spirals are blue. Or at least so we thought until 
Galaxy Zoo.’ We know things now we didn’t just a few years ago, 
all because hundreds of thousands of people clicked on a  website.





3
NO SUCH THING AS 

A NEW IDEA

My idea of what constitutes recent history might have become 
slightly skewed after so much time spent thinking about 

the Universe. I consider the ‘present day’ to be an epoch lasting at 
least for hundreds of millions of years, and I spend most of my 
time worrying about things that happened billions of years ago. 
I therefore haven’t spent much time recently thinking about the 
end of the Austrian war of succession, one of the many conflicts 
that rolled across the European continent in the seventeenth and 
eighteenth centuries. Part of a series of conflicts which were trig
gered by disputes over the succession to the Habsburg Empire, it 
was missing from my school history syllabus (as was any know
ledge of the details of the Habsburg Empire that shaped the polit
ical map of Europe for centuries, or indeed of anything that 
happened over the channel between the time of the Roman 
Empire and the First World War). It must have felt more signifi
cant at the time. Indeed, so significant was it even for Britain, 
which one might have thought was nothing but a distant specta
tor, the end of eight years of war on the continent was enough to 
spark dramatic celebrations.
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It is these celebrations, which took place in the summer of 1749 
(Figure 13), that account for what we remember of the war today, 
at least in the UK. The London festivities took place with a 
soundtrack by the composer of the age, Handel. His Music for the 
Royal Fireworks was a spectacular success then as now, with a dress 
rehearsal attended by more than 12,000 paying concertgoers, 
and the premiere in Green Park in the centre of London packed 
with celebrants. Green Park today is not exactly quiet, existing as 
it does primarily as a favourite spot for lunching office workers 
or for tourists who have been exhausted by their task of staring 
through the railings at Buckingham Palace, but the hubbub on 
the evening of the display must have been something else.

Among the gathered crowds, one observer in particular would 
have had especial reason to anticipate the firework display, if not 
the music itself. His name was Benjamin Robins, and he was a 
42yearold mathematician with a mission, informed by a taste 

Figure 13 Green Park with ‘magnificent structure’, ready for the celebratory 
fireworks in 1749, which Benjamin Robins hoped to use for his study of 
ballistics.
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for tackling not obscure theorems but rather the practical prob
lems of the age. His early work, which amounted to mathematical 
doodling around the foundations of Newton’s theory of gravity, 
had been published already in the Philosophical Transactions of the 
Royal Society, the world’s first scientific journal. He would thus 
have already been known to most of London’s scientific glitterati, 
and by the time of the Green Park fireworks he had been working 
on military problems for some time.

Back in 1742 he had published a treatise on the topic of New 
Principles in Gunnery, demonstrating for the first time an apparatus, 
known as the ballistic pendulum, that could be used to measure 
the velocity of a bullet. The idea was simple, and the execution 
elegant. By allowing a bullet from a gun to strike a heavy pendu
lum, and then by observing the subsequent behaviour of the 
pendulum, the speed of the bullet could be calculated. Almost 
comically simple as an idea, Robins’ design remained in use as a 
matter of course until the nineteenth century, and it brought its 
inventor a certain measure of renown.

It must have been a blow, therefore, when he failed in his appli
cation to be Professor of Artillery at the Royal Military Academy 
in Woolwich. A lesser man might have retreated back to the 
books, away from practical problems, but rather than simply 
give up Robins renewed his interest in the science of ballistics. 
Thanks to his pendulum, he knew how fast projectiles could 
travel, but not the other piece of information needed to predict 
their trajectories accurately—how high in the air did they get? 
The firework display of 1749, the apogee of a craze for such shows 
that had been steadily building over the previous century, pro
vided a heavensent experiment for an ambitious student of bal
listics. All that one needed to do was observe the same fireworks 
from as many farflung places as possible; if the angle at which 
the rockets seemed to be flying and their apparent height could 
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be recorded at each location, Robins thought he could recon
struct their paths and understand their potential as weapons.

The plan was simple, but Robins estimated that the rockets 
might be visible for up to forty miles away from the park. The 
accuracy of his experiment would depend on recording observa
tions from as many places as possible, and even if that problem 
could be faced then the measurements would not be simple. 
Close to the launch site the rocket’s angle of attack could be esti
mated by eye, but more distant observers would have to record 
the position of the rocket as seen against the stars of the night 
sky or against the height of some distant building. The former 
method would require astronomical calculations to be com
pleted, the latter would send observers, out after the show was 
over, across the fields to measure the height of their chosen land
mark precisely along with the distance from their vantage point 
to the chosen reference point.

Covering such a large area with trained observers was beyond 
the reach of the resources Robins had to hand, and he must have 
cursed the lack of a willing (or at least biddable) cadre of military 
cadets that the Woolwich position would have afforded him. 
Rather than give up he turned, as we did with Galaxy Zoo over 
250 years later, to help from a friendly public. Lacking the web, 
he used the Gentleman’s Magazine to advertise his scheme, one of a 
handful of early attempts to do science through what we’d now 
call crowdsourcing. The Gentleman’s Magazine was not such a bad 
choice; it was the first general purpose magazine to reach a large 
audience. It had already given Samuel Johnson his first regular 
paying gig, so clearly was home to an audience capable of recog
nizing intellectual heft and import as well as being widely dis
tributed.

What readers made of Robins’ instructions is uncertain. They 
were clear enough, if a little on the detailed side. Those between 
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fifteen and forty miles of London were instructed as follows (take 
a deep breath):

Observing the angle which a rocket, when highest, makes with 
the horizon, is not difficult. For if it be a starlight night, it is 
easy to mark the last position of the rocket among the stars: 
whence, if the time of the night be known, the altitude of the 
point of the heavens corresponding thereto, may be found on a 
celestial globe. Or if this method be thought too complex, the 
same thing may be done by keeping the eye at a fixed place, and 
then observing on the side of a distant building, some known 
mark, which the rocket appears to touch when highest; for the 
altitude of that mark may be examined next day by a quadrant; 
or, if a level line be carried from the place where the eye was 
fixed to the point perpendicularly under the mark, a triangle 
may be formed, whose base and perpendicular will be in the 
same proportion as the distance of the observer from the fire
works, is to the perpendicular ascent of the rocket.*

As I said, perfectly straightforward, but perhaps lacking in the 
necessary urgency and oomph to persuade the casual reader of a 
magazine many miles outside London to go and stand outside to 
get a poor view of a distant firework display. While I’m adopting 
the role of a critic and ignoring the historical distance of a couple 
of centuries, it seems to me unlikely that anyone would go out 
the next morning with a quadrant they happened to have handy 
in order to check the height of a building. Uncharitable, perhaps, 
but given that the pages of the Gentleman’s Magazine in subsequent 
months contain no reports from observers within fifty miles of 
the display, it is surely fair to call Robins’ scheme something 
other than a success.

* Gentleman’s Magazine, v. 18, p. 488.



78  No Such ThiNg aS a Ne w ide a

There was one report received, from a Welshman in Carmarthen 
who climbed a local hill having heard from the local press that 
the show from London might be spectacular. I love the idea of 
this man—identified by his signature only as Thomas ‘ap Cymra’ 
(Tom the Welsh)—standing, squinting at the horizon, straining 
to pick out anything that might be a firework. His patience was, 
unbelievably, rewarded as he saw two flashes of light, which he 
estimated to be fifteen degrees above the horizon. Carmarthen is 
nearly 140 miles from London, so a successful sighting is either 
unlikely or clear evidence for profligate spending on a show that 
was intended primarily to entertain metropolitan crowds, not 
solitary Welshmen. Indeed, Thomas’ main point in his report is 
to complain about the cost of what he thought he saw. To add 
insult to injury, Robins didn’t believe him either, and when he 
published his results he used only the observations provided by a 
friend stationed in Clerkenwell, sixty times closer to the action 
than Thomas, concluding that rockets reached a height of just 
over 500 metres.

The failure of Robins’ call for assistance led him to rely from 
here on in on carefully controlled experiments, and this early sci
entific attempt at involving a crowd cannot, it’s true, be said to 
have contributed much to the sum of human knowledge. It was, 
in fact, about as much of a damp squib as could be imagined, 
though perhaps that was inevitable given the fate of the display 
itself. Fog prevented spectators from enjoying a proper view, and 
the fireworks set fire to the pavilion which had been specially 
constructed in the centre of the park. Even on a clear day, though, 
I don’t think many would have participated in the experiment; 
having struggled to find the right questions to ask Galaxy Zoo 
volunteers, it is nice to think that prospective citizen science 
practitioners could have learned lessons about writing clear 
instructions even at this early stage.
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Robins’ efforts, abortive though they were, are often cited as 
the first scientific crowdsourcing effort, but there is at least one 
earlier example. It involves a total eclipse of the Sun that took 
place in 1715, and no less a figure than Edmund Halley, famous for 
his eponymous comet and a leading light in much that was good 
about eighteenthcentury science. A total eclipse is a freak of 
nature, the result of the apparent coincidence that the Moon and 
the Sun appear the same size in the sky. (I say ‘apparent’ coinci
dence because my Oxford colleague Steve Balbus has argued that 
the tides that result from this arrangement are particularly for
tuitous for the development of complex life; if he’s right, then 
rather than advertising Earth’s total eclipses as a wonder of the 
galaxy and expecting aliens to flock to our otherwise modest 
Solar System to enjoy it, we should expect alien life to grow up 
only on worlds where total eclipses are common. Rather than an 
attraction, our total eclipses would be a signpost pointing extra
terrestrial astrobiologists in our direction.)

This coincidence means that when, as happens once or twice 
a year at most, the Moon crosses in front of the Sun as seen from 
Earth, we experience not only the temporary extinction of the 
Sun but also get to see its beautiful, tenuous pearly white outer 
atmosphere, the corona. The view is spectacular—and everyone 
should try and see at least one total eclipse in their lifetime—but 
the downside of the close parity between Moon and Sun is that 
the shadow of the Moon makes only a narrow track on the sur
face of the Earth. If you’re not under the shadow, then all you 
receive is a partial eclipse—and even a 99 per cent partial is a pale 
shadow of the experience of totality itself. The narrowness of the 
track makes a total eclipse one of the rarest of phenomena from 
the perspective of any particular place; if you stay put, you would 
be lucky to get one total eclipse in a millennium. The British Isles, 
therefore, views totality only rarely. The last total eclipse to cross 
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the British mainland happened in 1999, when the track covered 
Cornwall and South Devon including my then home in Torbay, 
where it was cloudy, and the next opportunity for British obser
vers won’t arrive until 2090.*

Halley was well aware of the rarity of such an eclipse, and he 
thus viewed the British eclipse of 1715—the first for 500 years—
as something of an opportunity. Because the geometry of the 
eclipse track depends precisely on the positions of the Moon and 
the Sun, recording the track’s dimensions to great accuracy 
would, he reasoned, allow him to make accurate measurements 
of the scale of the Solar System. Making such a calculation 
requires records of the beginning and the end of the various 
phases of the eclipse, and so Halley prepared to make his scien
tific observations from the slightly incongruous vantage point of 
a side road just off Fleet Street in the heart of London, the then 
headquarters of the Royal Society. He was a good enough 
researcher to realize that a single set of observations would be 
sadly lacking, and so in addition to his own preparations he wrote 
to the professors of astronomy at Oxford and Cambridge to 
enlist them in his endeavour.

It was somewhat fortunate that Oxford, Cambridge, and 
London, major concentrations of the scientifically aware, were 
all predicted to fall within the track of totality. Yet Halley realized 
that the track crossed a large swathe of the country from east to 
west, and that restricting himself to just three sites would be 
amazingly shortsighted. He took action, publishing a map of 
the track alongside tables of likely timings, distributing it far and 
wide alongside an appeal for help.

* It’s 23 September. I’ve already marked my calendar, and by coincidence it’s a 
trip to the West Country again as the track covers Cornwall and Devon. The 
weather prospects are uncertain.
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The map was published as a broadside, a sort of singlesheet 
newspaper common at the time, and was a commercial propos
ition. Halley worked with a publisher, John Senex, who special
ized in mapmaking, and they sold for six pence each (Figure 14).*

Trusting in the ability and efforts of a public he referred to in 
the instructions he wrote as ‘the curious’, he asked that anyone 
who was capable of making suitable observations should send 
him timings of the eclipse. The leap of faith required for this 
establishment figure to ask for help perhaps shouldn’t surprise 
us too much; Halley’s great genius was in handling data, which 
he manipulated in order to bring mathematical rigour to his view 
of the cosmos. Rather than wanting to rely on a small number of 
‘professional’ observations, no matter how reliable, it seems 
obvious to me that a great datasmith such as Halley would want 
to have on hand all the available information. After all, he could 
always decide later how much weight to place on each record he 
received.

An eclipse is a oneoff. Whatever is planned, there is only one 
chance and a few short minutes in which to execute even the best 
laid of plans. Given how things went on the day, it was probably 
a good thing that Halley cast his net widely. The Royal Society 
party in central London were successful in their attempts to view 
and to record the eclipse, as were the observers organized by 
John Flamsteed, the first Astronomer Royal, a few miles down 
the river at Greenwich, but the university observatories do not 
come out well from this story. In Oxford, it was cloudy. In 
Cambridge, poor Reverend Cotes, then in charge of the observa
tory, was blessed with clear skies. He did, though, have ‘the mis
fortune to be oppressed by too much company’ and was thus 

* Not a model we’ve yet considered for more modern crowdsourcing pro
jects, but maybe we should.



Figure 14 Halley’s 1715 eclipse map, with instructions for making  scientific 
measurements of timings.
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unable to contribute anything of use. This seems remarkably lily
livered to me; even if we’re charitable and assume that the com
pany in question consisted of crowds of eager eclipseseekers 
rather than merely of a friend or two calling round for tea, this 
distraction seems rather neglectful of the potential for scientific 
progress.

These varsity failures turned out not to matter, though, for 
observations flooded in. More than 200 people, as far from 
London as Plymouth, sent data to Halley. An especial mention is 
necessary for the particularly heroic souls who eschewed the 
temptation to head for the centre of the track and a longer eclipse, 
but who stayed near the edge of the track bearing witness to either 
no totality at all or a total phase which lasted only a few seconds. 
A trip of a few miles would have afforded them a more spectacu
lar eclipse, but it was these liminal places that provided the infor
mation critical for Halley’s experiment. Written up in the pages of 
the Royal Society journal, the collated results make for an impres
sive sight, and certainly the 1715 event represented a leap forward 
in eclipse observation, but ultimately the experiment didn’t 
amount to much. The main result was to confirm that eighteenth
century astronomers already had a pretty good grasp on where 
things in the Solar System were, and there is no record that I can 
find of anyone bothering to repeat the experiment when, just a 
few years later in 1724, a total solar eclipse again darkened parts 
of southern England. Negative results are, of course, of great 
importance in the progress of science, marking as they do the 
roads not taken and the theories not overturned in the search for 
scientific progress, but it is hard not to be disappointed that this 
wasn’t the start of something more. Rather than standing as spec
tacular successes which encouraged everyone to reach out to 
crowds of volunteers, these eighteenthcentury stories of Robins 
and Halley are interesting but lead us to no glorious triumph.
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A few decades later, what we would now call citizen science 
was to trigger an explosion in scientific knowledge, as the age of 
the grand amateur provided a kickstart to observational astron
omy, geology, meteorology, and more. As each of these subjects 
became established as datarich and observational sciences, so 
they came to rely on distributed networks of observers to pro
vide their raw material. That’s most clear in cases like that of sys
tematic weather observation, where having data gathered from 
as many different places as possible makes a world of difference.

The very idea of weather forecasting was somewhat contro
versial during the nineteenth century, a tale told brilliantly by 
Katharine Anderson in her book Predicting the Weather: Victorians 
and the Science of Meteorology (seriously—it’s one of the most read
able scholarly books I’ve come across in years). In one chapter, 
she talks about the meteorological efforts of two of my heroes, 
both of whom built up networks of thousands of weather recorders 
across the British Isles.

The first, James Glaisher, was an astronomer at the Royal 
Observatory at Greenwich, back when the site was still support
ing cuttingedge research rather than the museum and tourist 
attraction it is today. Glaisher was a flamboyant polymath with 
equal tastes for both adventure and publicity, a combination 
which led to him pioneering the art of scientific study from  hotair 
balloons in the 1850s and 1860s. Flight then was still a  novelty—
the stuff of fairgrounds and balls, and passengers clutching 
champagne—and the distinguished Glaisher who was already, in 
his fifties, a scientific person of quite some standing who might 
at first have required some persuading to fly himself. We’re told 
he only took to the air when he became dissatisfied with the work 
being done by the students and technicians he had deputized to 
stand in his place. Despite this reluctance, once airborne Glaisher 
quickly realized the twin advantages of ballooning; not only did 
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it provide access for the experimenter to the atmosphere far 
above the ground, but it also provided plenty of material sure to 
attract a crowd to his public lectures. In the process, his trans
formation from scholar to dashing adventurer was complete, 
and adventure he certainly had. His descriptions of scientific 
flights to trace the temperature profile of the upper atmosphere 
include accounts of episodes in which both he and his pilot all 
but lost consciousness, becoming ‘insensible’ and struggling to 
read their instruments (Figure  15). Even at lower altitudes, the 
chance of drifting irretrievably out to sea caused constant worry 
and conflict between the scientist, always persuading himself to 
take just one more measurement, and the pilot who would have 
been understandably concentrating on getting back on the 
ground in one piece.

The balloon used for these ascents was owned by Glaisher’s 
regular pilot, a man named Henry Coxwell, and it came to a sur
prising end. In 1864, it was ripped apart by a rioting crowd that 
had gathered in Leicester for a demonstration flight that never 
happened. Somewhat ironically, it was the sheer size of the 
crowd that prevented a safe ascent being attempted, but the inci
dent put an end to airborne experiments. The overlap between 
public display and scientific experiment goes back to the begin
nings of Glaisher’s scientific career. He had, since 1844, been pro
ducing weather statistics as part of an ongoing study into possible 
connections between disease and the weather. As well as publi
cizing the results of his investigations in the press, he actively 
collaborated with the newspapers in order to gather in observa
tions from further afield. London’s Daily News, for example, 
helped arrange for station masters to make daily weather reports 
that could be carried back to the capital and printed in the paper 
for general edification as well as for scientific use. Others con
tributed observations too, and contemporary reports are careful 



Figure 15 Coxwell, the pilot, climbs into the balloon rigging as Glaisher 
lies ‘insensible’. Nineteenthcentury meteorology looks dangerous.
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to explain that the ranks of Glaisher’s observers were swelled not 
only with ‘zealous meteorologists’ but also with ‘the servants 
and gardeners of landed gentlemen and noblemen’.

The snobbery of that division is striking, at least when we look 
down from the comfortable heights of a twentyfirstcentury per
spective. All may of course contribute, but only those who do so 
backed by real means can be meteorologists; others contribute 
data which can be used in the common cause. This division could 
be the result of blinkered stereotyping, or it might reflect the 
simple practicalities of nineteenthcentury scientific life, an age 
the astronomical historian Allan Chapman has called the ‘age of 
the grand amateur’, a time when those with the resources to 
achieve leisure invested it in serious pursuits. There are also signs 
of a hierarchical view of science: servants and gardeners can make 
observations but that work isn’t really meteorology, which 
involves analysing the results. Whichever it is, it’s amazing to me 
how clearly these thoughts reflect an argument about what it 
means to ‘do science’ that persists right up to the present day.

Once Galaxy Zoo had become an overnight success, we found 
ourselves casting about for words with which to describe it. Plenty 
of options were available: crowdsourcing, which I used for Robins’ 
efforts above, was coined by an editor at Wired magazine, Jeff 
Howe, as a portmanteau derived from ‘outsourcing to the crowd’. 
Howe’s definition draws on an analogy with ‘outsourcing’, which 
is what a company does when it replaces employees who would 
otherwise be engaged in a particular task with a call to outsiders 
to complete the task for them. Crowdsourcing would then be 
what happens when a company or organization asks the world to 
complete a task for them which would otherwise be handled by 
employees; a good example might be the recent call by Transport 
for London, which runs the city’s deep tube lines, for ideas as to 
how to install air conditioning in cramped tunnels.
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As with the meteorology example, when you use ‘crowdsourc
ing’ it seem that you’re making a distinction between those who 
direct the operation and those who provide the work. Even in the 
early days, it was clear that Galaxy Zoo seemed to be different; 
we didn’t want to replace Kevin’s work with that of the public, 
but rather to extend the scope of the investigation beyond what 
could be done by professional astronomers. In any case ‘crowd
sourcing’ seemed a little unambitious, and I found myself leaning 
towards a more aspirational term—‘citizen science’—as some
thing that was more inclusive.*

Rather than placing myself on a pedestal, viewing my position 
as Eminent Scientist as apart from the crowd—someone who 
assigns tasks and reserves only for themselves the right to ana
lyse the results—it instinctively seems to me that it is impossible 
to draw a clear line between where the supposedly menial tasks 
of data gathering, classification, and exploration stop and some 
sort of Proper Science starts. It’s all just science. Glaisher clearly 
took much of the credit for the joint enterprise which involved 
information gathered by observers waiting down the track at 
remote railway stations, but the value of the whole enterprise is 
none the less a collective one.

This argument about status and contribution is also visible in 
the story of the other character that stands out in Anderson’s tale 
of Victorian weather observers. While Glaisher used his status 
and, somewhat to the distress of his bosses, the name of the 
Royal Observatory to promote his work, George James Symons 

* This term has its problems. The prominence of immigration in political 
debate, particularly in the US, is a reminder that not everyone is a ‘citizen’, so 
‘citizen science’ can sound like we’re trying to limit who can participate. Whole 
conferences have been held trying to agree on alternatives, but most suggestions 
have their own problems. (‘Public Participation in Scientific Research’, or PPSR, 
is OK but a little unwieldy.) I’ll stick to citizen science, but it is meant inclusively.
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had to rely solely on energy and enthusiasm. Symons was the 
assistant at the thennew Meteorological Office in Whitehall 
who had responsibility for rainfall (or at least for the measure
ment and recording of it), and he hit on the same solution to the 
problem of distributed observation as Glaisher. By 1863, Symons 
was confident enough to write to The Times, inviting those ‘of 
both sexes, all ages and all classes’ to send in their observations.

The result was overwhelming, the equivalent of the servers 
crashing under the weight of Galaxy Zoo traffic. Symons received 
so many observations that a huge amount of work was dedicated 
to analysing them, and he quickly became a victim of this success. 
His boss, Robert Fitzroy (of shipping forecast fame), became con
vinced that this enormous effort dedicated to collecting and ana
lysing data could only detract from Symons’ official duties, and 
Symons was quickly out on his ear. Shortsighted this may have 
been, but there is no doubt that dealing with his everexpanding 
network must have been terribly timeconsuming. Anderson 
reports that Symons was receiving observations from in excess 
of 1,000 observers in 1867, and more than 3,000 by 1900. The lon
gevity of the project as well as its scale underscores the fact that 
Symons had clearly come to regard this as his life’s work.

In its early years, the network was supported by a grant from 
the British Association for the Advancement of Science,* but this 
ended in 1875. Perhaps realizing the error of its director’s  earlier 
decision, the Met Office offered to take on the task of organizing 
things from there, at which point Symons with some justifica
tion told them where to stick it. He felt that the volunteer spirit 
(and his writings on the subject are everything you would expect 

* An organization that is still extremely active, though it is now known as the 
British Science Association. It was founded in 1831 to promote and encourage 
science. Its public meetings included the first use of the terms ‘science’ and 
‘dinosaur’, though not, sadly, at the same time.



90  No Such ThiNg aS a Ne w ide a

from a patriotic Englishman with a cause, writing at the apex of 
belief in the empire) would be lost or illtreated if directed not by 
that same spirit of voluntary contributions, but rather put in the 
service of some ‘Government Office’.

Indeed, he had already been impressively willing to open up 
discussion about matters of policy to the participants, rather 
than resting on his own authority. If you want to measure rainfall 
across Britain, and you rely on volunteers, what should you ask 
them to do? Their own lives and preoccupations mean that you 
cannot possibly insist on hourly readings from all. Daily read
ings seem more sensible, but then when should one make them? 
Midnight is nice and clean—you’d get a measure of rainfall dur
ing a calendar day—but it is hardly respectful of the social lives 
and sleep of wouldbe scientists. Symons polled his members, 
and they decided to observe uniformly at nine in the morning, a 
nice example of collective experiment design in action. Perhaps 
it was this collaborative spirit that allowed Symons, following 
the loss of his grant, to turn to the network’s volunteers for fund
ing. Their donations and subscriptions flowed in enough quan
tity to allow the network to operate at a modest profit during its 
later years.

Symons and Glaisher provide two early examples of effective 
citizen science. One created an organization driven by its mem
bers who shared a common goal, and who presumably felt part 
of that greater collective effort. Another used prestige—the 
Royal Observatory, the Daily News—to stimulate an audience to 
participate by handing over their data. Both were hugely effective, 
but there is a third, alternative route. In passing, Anderson 
 mentions the story of the Scottish Meteorological Office who, 
confronting the highlands and islands, felt more than most the 
need for observers in obscure corners of the country. (My own 
experience is that such places in Scotland tend to be the wettest, 
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but even then I suppose systematic observation is required to lift 
such findings much above the level of anecdote.) In 1872, an 
observer at Stornoway in the Outer Hebrides was recruited by 
the official, Londonbased network as a paid contributor. The net 
result of having the value of his observations recognized by 
funding was such that he immediately stopped contributing to 
the existing volunteeronly Scottish network. Pay, it seems, may 
work as an incentive but a hybrid model was very difficult to sus
tain. Perhaps the lesson is just that anyone running a project 
involving volunteers should be very careful not to exhaust the 
goodwill of those participating.

Due to an unaccountable, or at least unavoidable, lack of 
contemporary social scientists interested in such questions, we 
have only speculation as to the motivations of the participants 
in these protocitizen science projects. Nor would they have 
thought of themselves as citizen scientists; the first recorded 
use of the term in the modern sense is usually given as appear
ing in the New Scientist magazine in October 1979, where ‘the 
citizen scientist, the amateur investigator who in the past con
tributed substantially to the development of science through 
parttime dabbling’ is mentioned in the context of an article 
about UFOs. There is an ambiguous reference, dear to my heart, 
in Collier’s magazine in 1949, which speaks of ‘citizenscientists’ 
perfecting ‘a technique which brought gin to its peak of flavor 
and highoctane potency’, but that seems to be a different thing 
entirely. Yet though we can’t be sure why they participated, one 
suspects that what united participants was some combination 
of wanting to belong to a movement, of wanting to advance sci
entific knowledge, and of rubbing shoulders with (scientific) 
celebrity.

We get a better sense of what participants themselves were 
thinking from another great scientific endeavour of the age—the 
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huge and collective burden of keeping Charles Darwin informed 
and entertained. Observations of the natural world had been 
part of what we’d call scientific activity for many years before the 
Victorian naturalist came along, but he was able to draw on a 
vast network to gather information from around the world, 
informing his own work while he, after his youthful voyages on 
the Beagle, remained at home.

As that description suggests, Darwin’s correspondence, much 
of which is now available for our enjoyment online, was prodi
gious. Not quite housebound, but certainly firmly attached to his 
patch of Kentish soil after his adventures as a young man, he 
relied on a network of correspondents from every corner of the 
world to inform him of—well, everything. When I first explored 
the collection, the first example letter I picked out more or less at 
random was a note to a Mr Mantell, in New Zealand (Figure 16). 
In the space of a few short paragraphs, Darwin enquires about 
some observations of possibly erratic rocks, about whether the 
Maori ideal of beauty matches that of Europeans, and about the 
possibility of a creature ‘with hair’ that was something like an 
otter or a beaver.

Not all the letters are quite that eclectic, but flicking digitally 
through the surviving piles gives you a sense of an urgent and 
vital exchange of information. On the day I’m writing this, 144 
years ago, Darwin received a letter from a Mr George Cupples of 
Fife. George was writing to send his eminent correspondent the 
‘best wishes of the season’, but judging by the rest of the letter 
clearly felt the inequality between their positions, which he 
strove to fill with information he thought that Darwin might find 
useful. The gap is closed by a note on the breeding of Pyrenean 
mountain dogs, one of which Cupples has recently acquired, and 
which has ‘six welldeveloped toes on its hind foot’. As if that 
wasn’t enough, a postscript mentions notes on the subject of 



Figure 16 Letter from Darwin to W. B. D. Mantell, dated 10 April 1856. 
Sadly, no reply is known to survive.
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 inbreeding received from a Mr Wright, which could be for
warded if Darwin was at all interested.

I have no idea if Darwin even responded to this note, but I find 
it fascinating. It’s not just that George Cupples could write to this 
most exalted of scientific men on somewhat equal terms (writing 
to Darwin these days is as close as some can imagine coming to 
talking to God, after all), but that there was a clear expectation 
that he might just be able to convey information that would be of 
use. Darwin’s great scientific insights, which still shape so much 
of our thought today, rested on careful observation. Many of 
those observations were his own, made not least during his 
famous tour on the Beagle, but the rest were distributed through
out the world and through his crowd of correspondents.

Darwin clearly valued input from his circle of contacts. It took 
me a matter of moments to discover a letter, written more than 
130 years ago, in which Darwin writes to Philip Sclater, an early 
ornithologist. Darwin was writing to thank him for a correction 
to some published work or another: ‘You men who do only or 
chiefly original work’, says Darwin, ‘have an immense advantage 
over compilers like myself, as you can know what to trust’. I 
could scarcely have wished for a better statement as to why you 
want to keep those who are the source of your data close to you.

This way of working didn’t end with Darwin. Strikingly similar 
examples of this pattern of distributed observation, reported to a 
central authority, exist today. My favourite recent example is the 
discovery of the ‘ghost slug’, a new species identified by staff at the 
Museum of Wales following reports from observant gardeners. A 
spectral and slimy figure, it owes its name to its nearly transparent 
appearance, and it can be distinguished from other, similar spe
cies by its eyeless eyestalks. It was reported in 2008 as a new spe
cies in a Cardiff garden, and has since shown up across South 
Wales and also—thrillingly for me, though I’ve yet to find one—
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as far east as Oxfordshire.* It owes its obscurity to its habit of liv
ing a solitary life up to a metre below the ground, but nonetheless 
someone spotted it and reported it to the museum, where it 
gained its scientific name (Selenochlamys ysbryda—ysbryd is a Welsh 
spirit or ghost) and a host of attention. Experts reckon that the 
most likely origin for this fabulous creature is not Cardiff, but the 
Crimea, of all places, though nothing of the sort has ever been 
found there. It is only thanks to observant citizen scientists out 
working in their Welsh gardens has it come to scientific attention.

Today, just as in the nineteenth century, transmitting informa
tion from an observer in the field to an established authority is 
the key to discoveries like this. Yet the relationship between 
Darwin and his correspondents could be a rather uncomfortable 
one; a letter from 16 April 1856 sees even as exalted a personage 
as Baronet Charles Bunbury apologizing for not having written 
back to Darwin sooner. He had, he explains, been waiting ‘rather 
vainly’ for ‘some remark worth sending’ to turn up. The point, 
I  suggest, of writing to Darwin was that it might mean some
thing—that Baronet Bunbury and the rest of Darwin’s corres
pondents wanted to be of use, but that need to be useful puts a 
huge amount of pressure on a letter writer. Precisely because of 
the shared understanding that such correspondence might be 
useful, there was pressure to write only things which were ‘worth 
sending’.

This paradoxical pattern, in which belief in the potential 
usefulness of one’s contribution changes how one views a task, 
is something that still exists in many modern citizen science 
 projects, including Galaxy Zoo. It lies too at the heart of why 

* Observations are coordinated by the Conchological Society of Great Britain 
and Ireland, whose aim is to ‘understand, identify, record and conserve mol
luscs.’ I wish them all the luck in the world.
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 participation means more than mere crowdsourcing, more than 
just trying to get work done. Imagine the response of someone in 
rural Devon or Scotland, isolated from the mainstream scientific 
community and establishment, receiving a reply from Darwin 
praising their work, or the feeling such amateur—citizen— 
scientists would have had seeing their name in the (expensively 
printed) journals that keep track of the efforts made by  observers. 
This is a way to understand that participation like this is a way 
of  transforming how people think of themselves, and of their 
 capabilities, and even in the nineteenth century it was clear, to 
some at least, that in asking for observations you acquired obli
gations to those who were assisting you to ensure that they got 
something from the project too.

The example I have in mind involves the Prussian/German 
astronomer Friedrich Argelander. He was one of the nineteenth 
century’s preeminent observers of the stars, as well as a fine 
institutionbuilder and networker. Following time as a graduate 
student when he studied with the great mathematician Bessel, in 
Königsberg, Argelander moved to Finland in 1823 to head up 
astronomical research there. While there, he showed his dedica
tion to observing while watching the city of Turku, home to his 
observatory, disappear in an enormous conflagration. The event 
is recorded in his log, along with a clear sense of priority: ‘Here 
the observations were interrupted by a terrible fire, which 
reduced the entire city to ashes. The observatory was, thank 
God, spared.’

In the aftermath of the fire he moved the observatory to 
Helsinki, but soon after ended up in Bonn, where he had per
suaded the king to fund the construction of a new, stateofthe
art observatory. (It helped in arguing for his grandiose and 
expensive plans that Argelander had taken care to befriend the 
then prince when they were still children; a serious investment 
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in the future that perhaps modern astronomers should note.) 
At  the time of Argelander’s move to Bonn, the science he was 
engaged in was undergoing a revolution; it was on the edge of 
completing the transformation from astronomy—the measure
ment of the positions and the movements of celestial bodies—to 
astrophysics, the attempt to understand them. Argelander was 
interested in both, but was essentially a traditional observer.

For a long while, his most famous discovery was what was 
called Argelander’s star. An apparently innocuous yellow dwarf, 
he found it moved across the sky (relative to the other stars) faster 
than any other star known at that time. Astronomers call this 
relative motion ‘proper motion’; Argelander’s star is still notably 
speedy but is now third in the rankings. Its motion is not rapid by 
everyday standards, amounting to a degree across the sky every 
millennium or so, but it is interesting. It is due partly to the star’s 
proximity, less than thirty light years from us, but is so high 
mainly because the star belongs not to the rotating stellar disc 
that houses the vast majority of the Milky Way’s stars including 
the Sun, but to the scattered halo of stars we now know sur
rounds it. As we turn with our neighbours about the galactic 
centre, Argelander’s star stands still but, secure in the illusion 
that we are standing still, we conclude it is speeding by, just as the 
platform appears to be moving as your train pulls out of the 
 station.

Stars don’t just change position; as we saw with Leavitt’s 
Cepheids they can change in brightness too. Only a handful of 
such ‘variable stars’ were known before Argelander began work, 
but he introduced the modern system of categorizing them and 
understood quickly that watching how a star changes is key to 
understanding the physics that underlies its behaviour. The only 
problem is that this kind of observation is immensely time 
consuming. If you don’t know when a star might behave in an 
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interesting way, or on what timescales interesting behaviour is 
likely to occur, then you are left with no alternative but to moni
tor the sky as frequently as possible. Furthermore, this work was 
carried out star by star, and was as a result best shared by a net
work of widely distributed observers, a point not lost on the new 
director of astronomy in Bonn, who wrote:

‘Could we be aided in this matter by the cooperation of a goodly 
number of amateurs, ‘we would perhaps in a few years be able 
to discover laws in these apparent irregularities, and then in 
a short time accomplish more than in all the 60 years which 
have passed since their discovery. I have one request, which is 
this, that the observations shall be made known each year. 
Observations buried in a desk are no observations. Should they 
be entrusted to me for reduction, or even publication, I will 
undertake it with joy and thanks, and will also answer all 
 questions with care and with the greatest pleasure.’*

It is a fabulous call to arms—‘observations buried in a desk are 
no observations’ would be a great motto for some society or 
 other.† I love the sense of a deal being struck between those 
 taking the observations and Argelander himself. On the one 
hand, we have the (presumably unfunded) volunteer with their 
telescope. On the other, an eminent professional scientist. Data 
can be passed from the former to the latter—but only if 
Argelander too puts his back into it and makes use of the data. 

* Translation by Annie Jump Cannon in Popular Astronomy, 1912, from an 
original in the Astronomisches Jahrbuch of 1844.

† To my mind, greatly preferably to the Royal Astronomical Society’s motto, 
adopted from Herschel: ‘quicquid nitet notandum’, or ‘whatever shines, let it be 
observed’. Science teaches us that the real work is only beginning when observa
tions are written down. The American Astronomical Society has a mission state
ment, not a motto.
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Oh, and part of the deal is that he has to communicate results 
and answer questions from his observers.

It seems important that Argelander is offering more than a 
oneway exchange. As far as I know this is the first example of a 
professional scientist so explicitly writing about the give and 
take of this way of collaborating to get science done. As Galaxy 
Zoo took off, I certainly felt the obligation to try and respond to 
questions, though I can’t claim to have always faced the task ‘with 
the greatest of pleasure’. What is also reflected in Argelander’s 
work is a somewhat formal division of responsibility; observa
tion can be safely distributed, but analysis is specialized and cen
tral. One can argue about which is primary (and whether Darwin 
was being deliberately or falsely modest when referring to him
self as a mere ‘compiler’), but there is a settled order here.

This way of organizing things was effective, and it enabled 
Argelander to work on a scale that was inaccessible to astronomers 
of previous generations. The catalogue Argelander and col
leagues put together contained the details of more than 300,000 
stars, and was the definitive work of prephotographic stellar 
astronomy, at least for the northern hemisphere. It remained in 
use for years, and his categorization of variable stars remains the 
standard today. If you visit the astronomy facilities in Bonn, 
you’ll find that in 2006 they were renamed the ‘Argelander 
Institute’ in his honour; a recognition, I’d like to think, of the 
power of asking for help.

Networks of amateur astronomers survive too. Data on stellar 
variability, especially on timescales of decades or more, depend 
on the catalogues assembled by the American Association of 
Variable Star Observers, an organization with worldwide reach 
whose observers have assembled more than twenty million 
records since its founding in 1911. Rainfall observers may not, 
these days, form extensive networks but the Audubon Society’s 
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Christmas Bird Count is still going strong. This annual bird
watching festival has been operating since 1900, having been 
introduced partly for scientific interest and partly as an alterna
tive to the then common tradition of marking the holiday with 
competitive hunting. In the UK, biological recording of the pres
ence or absence of species depends on a network of societies, 
many of them dating from the late nineteenth or early twentieth 
century, with specialisms ranging from orchids to the British 
Pteridological Society (ferns, since you ask).

Twentyfirstcentury researchers are fond of pontificating 
about the problems caused by big data, the sudden flood of digi
tal information among which we struggle to pick out signals of 
interest. Yet the appearance of modern instruments and vast net
works of the kind described above caused an earlier deluge of 
data, and brought a very different set of people into the scientific 
enterprise. These were the first ‘computers’, people rather than 
machines, and they soon accounted for the majority of staff 
employed at observatories.

The job of ‘computer’ was established at the Royal Observatory 
in Greenwich, for example, as early as 1836, and survived until 
1937, a little more than a century. Their arrival broke the tradition 
by which it was the Astronomer Royal and his specialist assistants 
who did the work to make their own observations useful, and the 
staff quickly grew. The original computers, working eight hours 
or more a day at tedious and repetitive calculations, were 
recruited by looking for poor but bright students from local 
schools. However, as the century wore on it became clear that 
this was nothing more than a stopgap solution; the wages were 
abysmal and the work tedious, and with little prospect of pro
motion most computers moved on. By 1890 the Greenwich staff 
had hit on the idea of solving this by employing women who had 
university experience; such staff would be skilled enough to 
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work as more than a mere calculator, but would lack other 
opportunities for scientific participation.

The papers which record the decision to employ women 
explicitly make clear that it was felt that Greenwich could take 
advantage, attracting to this often menial job women whose sci
entific opportunities would otherwise be lacking. If that was the 
marketing scheme, it was not a success. Though women continued 
to be employed at Greenwich, opportunities for promotion were 
gradually opened up for men, and those with qualifications 
(most often a degree) began to take up what had once been junior 
and menial posts, seeing them as a stepping stone to higher 
things. The women were once again squeezed out of even this 
small foothold in the scientific enterprise.

For a time, though, the position of these functionaries allowed 
a different sort of engagement with scientific data. What sorts of 
jobs were these human computers undertaking? Most of the 
work at Greenwich was positional astronomy, and results would 
be recorded in the form of measurements which were straight 
from the telescope, perhaps as a distance between two stars. 
These would have to be converted to some standard reference 
frame, and celestial coordinates assigned. Systematic effects like 
the influence of the Earths’ atmosphere, which varies with the 
height of a source in the sky, must be accounted for. Even once 
that’s done, single observations of a typical star are hardly going 
to carry much information, and catalogues must be compiled 
and crosschecked, and global properties derived.

These calculations are the very stuff of which science is made, 
but just as with Argelander and his observers we see in the exist
ence of the computers a division of responsibility. Observers—
whether employees or volunteers—provide data. Computers do 
the processing, turning tables of data into results; the two are 
even separated by time, with observers producing data during 
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the night that can be processed by computers during the day, 
before being studied by scientists who publish their results. Each 
subsequent stage of analysis depends on the former—indeed, it 
could hardly exist without it—but only the later stages are visible 
to the wider world. We celebrate the scientist who interprets the 
observation, not those who made it possible.

None of this is news, at least not to the accomplished historian 
or sociologist of science. You, my sophisticated reader, don’t 
need me to tell that the real story of how science has proceeded 
over the centuries is more complex than the standard procession 
of dead, white, bearded men with theories might suggest, and 
this chapter hasn’t tried to do more than offer a potted set of 
anecdotes. These stories do, however, illustrate that right back at 
the time when our modern notion of what it meant to be a scien
tist was being established—when we had a much more fluid idea 
of what science was than has been the case for most of the last 
century—it is possible to trace disputes about status, about the 
correct division of work between the classes of those involved in 
research. Back in the twentyfirst century, we set up Galaxy Zoo 
to get work done. It soon became apparent that the real power 
and interest of the project lay in thinking about precisely these 
issues, and that began with volunteers doing more than just 
clicking on buttons to classify galaxies.



4
INTO THE ZOONIVERSE

Looking back at the early days of Galaxy Zoo with more than a 
  decade’s perspective, it seems to me to be a strange and 

marvellous thing, this idea that so many people would give up 
their time to collectively contribute to science. Occasional critics 
carp that classifying a few galaxies isn’t participating in science—
that the claim to have done science should be reserved for those 
who designed and set up the project, and who interpret the 
results.

As I said in the last chapter, I’m less dogmatic. Any scientific 
project rests on the contributions of many people, whether it’s 
those who operate the telescope up on a lonely mountain top or 
people like me, whose daily life is much more likely to involve 
emails and admin than a ‘Eureka’ moment. I know the Galaxy 
Zoo crowd have done science, because there’s an ever-growing 
pile of academic papers with new scientific results within that 
wouldn’t have existed without them.

Better still, the ideas in those papers have been adopted and 
echoed by the rest of the community. We were even thrilled 
when people started to use our results without pausing in their 
texts to dwell on ‘citizen science’, taking it as a sure sign that we 
were producing data of a high-enough quality that authors 
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didn’t feel the need to justify or explain their use of it. (Things 
took a slightly odder turn when two philosophers wrote a 
paper which, while calling for ‘a sociotechnological turn in the 
philosophy of science’, which I’m afraid to say you’ll have to 
read about elsewhere, compared the rate at which Zooniverse 
papers were cited to others using the same data. Apparently we’re 
as a group as productive as a world-leading research institute. 
Nice to know!)

The downside is that, all this time later, it’s rather difficult to 
briefly summarize what we’ve found. Galaxy formation is messy, 
and that messiness—the fact that many different things control 
how galaxies first form and then change over billions of years—
makes a nice, clean story hard to find, at least for now. That’s 
what science is like sometimes, even if it makes writing a book 
chapter harder. So, instead of trying to present a comprehensive 
view, let me tell you a couple of stories that will give you an idea 
of the kind of thing we’ve been able to do with the results from 
Galaxy Zoo.

One problem we’ve tried to attack is to try and understand 
what happens when two galaxies collide with each other. Merging 
like this certainly seems important. The early Universe was filled 
with scrawny protogalaxies, each less than a hundredth the size 
of a typical galaxy today, and these seem to have, over the long 
span of cosmic history, gradually collided and merged to form 
larger and larger systems. This process isn’t finished yet—the 
grand collision of the Milky Way with Andromeda that I men-
tioned earlier isn’t due to happen for another four or five billion 
years’ time, but when it does happen, our computer simulations 
make it clear that it’s likely to be a spectacularly messy and dis-
ruptive event.

When two large galaxies like these collide with each other, a 
cosmic ballet ensues. The first approach sees the galaxies fly past 
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each other, their mutual gravitational attraction distorting their 
previously neat discs and creating long streams of stars (Plate 6). 
These are tidal tails, unstable creations of the merging process, 
and as they begin to fall back towards the main body of each gal-
axy the two discs turn and plunge back together once more.

This repeated encounter creates new distortions, and further 
disruption as the merging system takes on a wide variety of 
forms. We can see this stage of the process in nearby galaxies, 
whose names conjure up appropriate images—the ‘Antennae’, 
with two long streams stretching away from a bifurcated body 
the ‘Mice’, imaged beautifully with the Hubble Space Telescope, with 
long tails revealing a recent interaction. Such a stream has even 
been spotted stretching between Andromeda itself and the third 
large member of our Local Group, M33.

Apart from being flung out of orbit, stars which formed before 
the merger will continue as they were before; even within a gal-
axy of a hundred billion stars like the Milky Way, there is enough 
space in space to make a collision between two stars during a 
merger vanishingly unlikely.

That’s not to say we shouldn’t expect fireworks when the Milky 
Way and Andromeda collide. Gas clouds do collide with each 
other and the result is a spectacular boom of star formation. The 
Earth may not be the best place to watch, as the Sun will by then 
have entered its red giant phase and swallowed our home,* but if 
you can make it to a suitable planet then you should expect a 
spectacular night sky, speckled with newly formed and brilliant, 

* I may be being unfair to the Earth’s prospects as a long-term observing plat-
form. As the Sun converts hydrogen to helium it loses mass, and, because of the 
law of conservation of momentum, our planet spirals slightly outwards. There is 
therefore some chance that the Earth may survive the Sun’s swelling into a red 
giant, though how reassuring you find the chance of our planet’s future exist-
ence as a charred cinder is perhaps a matter of personal taste.
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massive stars. The view from inside what’s called a starburst 
 galaxy must be absolutely wonderful.*

Though such a spectacular rate of star formation most likely 
can’t be sustained, the long-term effect of a merger might be to 
change the shape of the colliding galaxies for ever. In the case of 
the collision between the Milky Way and Andromeda—two 
discs—the result according to most simulations is their trans-
formation into an elliptical.

This makes a certain amount of intuitive sense; discs are 
ordered systems, their stars orbiting in concert around their 
 centre, and a serious disruption will see stars kicked up out of the 
disc and into the more random pattern of movement which char-
acterizes ellipticals. A new, unified galaxy is produced (what 
some researchers insist, despite everything, on calling Milkomeda 
or—hardly better—Milkdromeda), larger and more massive 
than before and ready to continue life as a stereotypical elliptical.

Perhaps the last stage of such an event takes place deep 
inside the new galaxy, at its core, as the supermassive black 
holes that previously inhabited the centres of the constituent 
galaxies dance slowly around each other, losing energy in the 
form of gravitational waves and spiralling inwards, eventually 
merging. A small number of galaxies are known that have 
double or even triple black holes at their centres; though they 
look otherwise undisturbed, these are most likely the products 
of recent mergers.

Galaxy Zoo must contain many such galaxies, observed a 
few billion years after the end of the merger. Can we tell, just by 
looking at the galaxy, that anything spectacular had happened? 

* Of course, the odds of your planet being blasted with lethal radiation 
from a nearby supernova is greatly increased in such a system. One can’t have 
everything.
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The tidal tails of stars flung from the centre of the system will 
 eventually disperse, their stars lost to intergalactic space or once 
more part of the main galaxy. There’s not much hope in finding 
definitive proof of a merger just from shape.*

Nor is the colour of a galaxy likely to be much good. The  colour 
tells you what’s happening right now, and the great burst of star 
formation that accompanies a really dramatic merger most likely 
lasts only a few hundred million years. Galaxies which have sur-
vived mergers will not easily be distinguished from those which 
have evolved through less dramatic means, which makes it diffi-
cult to try and understand the effect of mergers on galaxies. Such 
events look spectacular, but we’d like to understand how signifi-
cant they really are.

For example, it’s possible that most stars form during the dra-
matic starbursts that follow a collision. It’s also possible that, like 
a firework display, these collisions are spectacular but ultimately 
have little long-term effect; in this scenario, most stars form 
because of other processes, and galaxies would look much the 
same in a universe where mergers were much less likely.

How can we distinguish between these possibilities? What 
we really need is the chance to do a direct experiment. I’d love 
to assemble a vast, intergalactic laboratory (along with, of 
course, a few billion years’ worth of funding). In it, I would 
assemble two populations of galaxies. The two populations 
would begin the experiment in identical states, but in one tank 
gravity would allow the galaxies to merge, just as happens in 

* You might just be able to do something by looking at the outskirts of the 
galaxy and hoping to detect the faint leftover scattered debris, which can, in 
some cases, persist for billions of years. New instruments, using special lenses 
first developed for photographing high-speed motorsport of all things, are use-
ful, but such observations are time-consuming and as yet have only produced 
data for a small number of systems.
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the real Universe. In the other, an ever-watchful PhD student 
could be tasked with intervening to keep the galaxies apart 
from each other. (I have no idea how they would do this, but as 
we’re imagining a laboratory in which there are two tanks at 
least a few hundred billion light years across, I think we’re 
allowed a little magic.) After ten billion years or so, we could 
then compare the resulting mix of galaxies in each tank, and see 
what effect merging really produced.

Of course, such an experiment is impossible for several very 
good reasons. We can attempt something similar in a supercom-
puter—and people do—but it is a tricky problem. Keeping track 
of the galaxy-scale details of the merger and the small-scale pro-
cesses of star formation that determine how the galaxies look at 
the same time is a difficult computational challenge, and requires 
shortcuts to be made.

As a result, while some might be satisfied with the results of 
simulations, I prefer to look out into the Universe for my experi-
ments. Somehow we need to assemble a tankful of galaxies that 
have managed to avoid merging. These will be rare, but they are 
out there, and they reveal their presence via their shape—
exactly the kind of thing that the Galaxy Zoo volunteers can 
help with.

I often remember Patrick Moore’s claim that the Milky Way 
resembled nothing more than two fried eggs, ‘clapped back to 
back’, with a thin disc surrounding a central bulge, represented 
by the eggs’ yolks. This gives you a good way to think about spiral 
galaxies,* and central bulges are so common that at least one 
astronomer has proposed that both elliptical and spiral galaxies 
should really all be seen as nothing more than bulges, some of 
which happen to have grown discs.

* It is, however, a lousy way to serve eggs.
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One way of producing bulges is via a galaxy merger, as the dis-
ruption kicks stars out of the main disc and into the bulge. Even 
a small collision should add substantially to a bulge, which is 
why it was surprising when, among the hundreds of thousands 
of galaxies searched by Galaxy Zoo a small number of unusual 
objects started to appear in the classifications. These special sys-
tems have no visible bulge, and are therefore guaranteed to be 
merger-free. We can put them in our second tank, and compare 
them to galaxies with more normal histories.

Nature and our volunteers had provided a way of doing the 
experiment I imagined above. In charge of the experiment was 
Brooke Simmons, a Californian who ended up working with me 
in Oxford before winning a prestigious Einstein Fellowship from 
NASA. She took the latter back to California, craving decent 
Mexican food and more sunlight than Oxford could provide (our 
department provided a special lamp for her to cope with the 
 winter which replicated the exact spectrum of natural sunlight; it 
was apparently cruel otherwise to keep an American in English 
conditions*).

Brooke’s speciality is understanding how the supermassive 
black holes at the centre of galaxies grow, and so our first experi-
ment was to try and see if mergers contribute significantly to 
their growth. Most people expected that they would; even galax-
ies which have experienced many mergers have a single, massive 
black hole at the centre, not a whole cluster of little ones, so 
merging must happen.

Further evidence that galaxies’ central black holes grow 
through mergers comes from the best-known bulgeless galaxy, 
NGC 4395, which had been studied a decade earlier and was 

* It’s amazing to see how many people who scoffed at this provision now 
gather around its light in the winter months, myself included.
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found to have a puny black hole, more than ten times less mas-
sive than we would otherwise expect for a galaxy of its size. 
No mergers, no black hole growth, it seemed. But that result is 
only from one system. Now, with many more merger-free sys-
tems to play with, we could do the experiment properly.

That means measuring the mass of each galaxy, and then the 
mass of the central black hole. Estimating the mass of a galaxy 
isn’t too difficult. We know how a star’s colour and brightness 
depend on its mass, and a galaxy is just an assemblage of stars. 
(Yes, there’s dark matter and dust and other things, but we’re 
concerned with the stellar mass here; for most large galaxies the 
ratio of total mass to stellar mass is pretty constant.) The bright-
ness of the galaxy tells you how many stars are there, and the 
colour tells you what sort of stars they are. Know those two 
things, and you can get a pretty good handle on the mass of the 
galaxy.

The black hole mass is trickier. Measuring the mass of some-
thing that’s invisible, and which is in any case tiny on galactic 
scales, isn’t easy, but we can get there via an indirect route. What 
we do is look right at the centre of the galaxy, expecting to see the 
bright glow of hot material as it falls down into the black hole. 
Such accretion activity is most easily seen in the x-ray region of 
the spectrum, but in the visible what you see is a star-like point of 
light. For each galaxy, Brooke took all the light that could pos-
sibly belong to such a source, and assumed that it belonged to the 
material falling into the black hole.

That gives us a guess at the rate at which the black hole is grow-
ing. It’s a start, but we want to know how massive the black hole 
itself is. Luckily, how massive a black hole is turns out to be tied 
to the rate at which it consumes material. The idea that black 
holes do anything but voraciously devour everything around them 
might be surprising; it certainly belies the fearsome  reputation 
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they have in science fiction, where they’re always ‘lurking’ at the 
centre of a galaxy, rather than just hanging out in space minding 
their own business.*

This has always seemed unfair to me, and I’m almost tempted 
to found the Society for the Promotion of Friendly Black Holes. 
Our promotional material will make much of the careful man-
ners these exotic beasts exhibit. It turns out there is a maximum 
rate at which, under normal circumstances, black holes will con-
sume fuel. This slightly surprising result is due to the dramatic 
effect on material that, falling into the black hole has. It heats up 
and shines brightly. The presence of this radiation creates a pres-
sure, pushing outwards and preventing more material from fall-
ing in; the whole thing becomes a self-regulating system with a 
maximum rate of accretion known as the Eddington limit.

Using this piece of information, we can convert the minimum 
observed rate at which material is falling into the black hole into 
an estimated mass, and finally make the comparison we want to.

I’ve probably given too much detail here, though there are 
many more gory specifics I could have included (we have, for 
example, only really calculated an estimate of the maximum 
mass). I do, however, want to make the point that this is the meat 
and potatoes of modern astrophysical research. First, we care-
fully assembled a sample of interesting, distinct galaxies. Once 
they were found, we selected a comparison sample, and then we 
measured their properties, being careful to make sure we had as 
much understanding as possible of what the likely errors were 

* A star in a distant orbit around a black hole is in no more danger of being 
sucked into its cavernous maw than the Earth is of falling into the Sun. It’s true 
that if you get too close, you’ll fall inevitably into the black hole itself, but that’s 
hardly the black hole’s fault. Star trekking travellers of the future need not worry 
about being consumed by a black hole, they need simply to study astronaviga-
tion properly.
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and how they’d affect the result. It’s painstaking work; each of 
the images of each of the galaxies had to be calibrated by hand, 
and the whole effort probably took Brooke something like six 
months.

That careful work paid off, though, and these weird galaxies 
now told us something about the Universe and its history that we 
didn’t know before. It turns out that the bulgeless galaxies have 
black holes which are pretty much the mass one would expect 
from a normal galaxy. In other words, despite never having ever 
had a significant merger, living instead lives of splendid isolation, 
they manage to grow large supermassive black holes.

This research isn’t finished. I’ve included in this book a brand 
new image of one of our bulgeless systems from the Hubble Space 
Telescope (Figure 17), which is allowing us to measure its proper-
ties with new accuracy, and thanks to help from some friends 
we’ve been able to find merger-free galaxies in one of the big 

Figure 17 A bulgeless spiral galaxy, discovered by Galaxy Zoo volunteers 
and observed by the Hubble Space Telescope. Hubble’s sharp resolution 
allows us to peer into the heart of the galaxy.
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supercomputer simulations and to compare the properties of 
such systems in this artificial Universe to those in the real one.

If those simulations are reliable, they confirm a hard truth that 
astronomers have faced for years. I often end my talks with a 
bleak version of the far future of our Universe, destined (we 
think) to become an nearly empty void, a vast sea of space 
expanding forever into yet more nothingness.* What seems to 
pack a greater emotional punch, though, is this: the Universe is 
already past its best.

More stars are dying each year than are being born and galax-
ies are shutting down in a process that’s been going on for  billions 
of years, since the youthful, exuberant peak of star formation 
that took place shortly† after the Big Bang.

What’s causing this cosmic shutdown? There are lots of ideas 
around, starting with the simple idea that we’re out of fuel. Stars 
need cold gas to form, and in some galaxies at least the reservoir 
seems to have been exhausted. Maybe galaxies normally rely on 
a flow of material from outside to keep the stellar factory going, 
and that’s disrupted by close encounters with other galaxies. 
Maybe it’s falling into a large cluster of galaxies that triggers that 
process. Maybe a collision between two galaxies causes a burst of 
star formation so dramatic that it uses up all of the available gas. 
Or maybe if a large galaxy like the Milky Way consumes too 
many smaller systems then the effect is the same. Or maybe we 
need to look back at the central black holes; the complex physics 
and twisted magnetic fields that exist around them can fire jets of 
material moving nearly at the speed of light out into the galaxy, 
heating or expelling the gas it encounters. Maybe if you form too 

* I do like to send an audience home happy.
† Shortly here means a few billion years; astronomical timescales are hard to 

get used to.
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many massive stars the resulting burst of violent supernovae 
which marks their end can similarly heat the surrounding gas.

And on and on and on. Understanding exactly what’s going on is 
a difficult task, but it might be important in understanding our own 
Milky Way. Galaxies which are still vigorously making stars are, on 
average, bright blue, lit up by their new creations. Those where star 
formation has ceased—we would say ‘quenched’—are red. The 
Milky Way, at least according to work by a bunch of Australian 
researchers, is neither red nor blue, but green, which means that it 
seems to be undergoing this transition right now. If they’re right, 
then we happen to catch our galaxy at an unusual point in its his-
tory and must look outward to understand what’s happening.

Trying to distinguish between so many possible causes makes 
carrying out a clever experiment like the one we managed with 
the bulgeless galaxies near impossible. Instead, we use the sheer 
scale of the Sloan survey and the classifications provided by 
Galaxy Zoo, pile them all together, and look at which galaxies 
have which properties.

This task fell to my first PhD student,* Becky Smethurst, now 
an independent research fellow at Christ Church here in Oxford. 
Before she arrived, I was terrified of taking on the responsibility 
of supervising a PhD student. Your PhD supervisor sets the direc-
tion and tone of your research, so while the student is ultimately 
responsible it seemed very easy for me to completely ruin some-
one’s career. Luckily (apart from an unfortunate incident which 
resulted in American Express bombarding me with advertising 
for Taylor Swift concerts, the less said about which the better) 
Becky and I got on well and she proved more than smart enough 
to deal with my blunders.

* Oxford insists on awarding not a PhD, but a DPhil, thus leaving everyone 
involved explaining their degree for the rest of their career.



In to the ZoonI v er se  115

Her task wasn’t easy, and Becky constructed a sophisticated 
apparatus of modern statistics and computer-based analysis to 
look at this problem of quenching. The result of all that effort? 
Well, to almost no one’s surprise it turned out to be complicated. 
Different galaxies seem to go through the transition from blue to 
red in different ways. Some, mostly elliptical galaxies, seem to 
have shut down their star formation rapidly, perhaps the result of 
a spectacular merger. Others, including most spiral systems and 
the Milky Way itself, quench more slowly. Some systems that 
sustain growing black holes show clear signs of recent and dra-
matic quenching, so it’s clear that they can play a role too.

Where a galaxy lives also makes a difference, with those that 
find themselves in more crowded environments undergoing a 
more dramatic shutdown than their relatively isolated cousins. 
In other words, we shouldn’t carry round a picture of a galaxy as 
an isolated system (the ‘island universe’ that a galaxy was once 
thought to be) but we should rather think of them as interacting 
with their surroundings. Galaxies at the centre of a large  cluster—
the nearby Virgo Cluster, say, which contains more than a thou-
sand galaxies and which weighs in at more than a million billion 
solar masses—have a very different life from those living in more 
rarefied parts of the Universe.

These results—Becky’s work on quenching and that led by 
Brooke on bulgeless galaxies—are just two examples of the 
things that are made possible by the careful classifications pro-
vided by Galaxy Zoo volunteers. It’s been incredibly satisfying to 
watch the project team use our volunteers’ efforts to understand 
more about the Universe, and to see the use to which other 
 people have put them.

I have, though, continually been distracted while the frenzy of 
astrophysical research unleashed by the availability of the Galaxy 
Zoo results was playing out. Almost as soon as the project started 
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I began to get phone calls and emails from other scientists, in 
fields about as far removed from my own as is possible to imagine, 
who wondered whether our Galaxy Zoo volunteers might be 
willing to help them out, too. The enquiries ranged from the 
polite to the pleading, but they revealed what I should have 
known already. Astronomers were not the only researchers 
struggling with the sheer volume of data now accessible to them; 
whether ancient historian or zoologist, they were likely suffering 
from the same set of problems, and citizen science, Galaxy Zoo-
style, seemed like a way out.

By this point—somewhere in 2008, a year after the launch of 
Galaxy Zoo—I’d abandoned any pretence of doing the work 
Oxford had employed me for in the first place, and was thinking 
about citizen science full-time. We were given a small amount of 
money by Microsoft, part of a fund set up by the company to 
commemorate their leading computer scientist, Jim Gray, who 
had vanished while sailing near San Francisco in early 2007. (Our 
project appealed partly because of the response to Gray’s disap-
pearance; his colleagues and friends organized a distributed 
search for signs of his boat in satellite images, a task which was 
eerily reminiscent of the kind of thing we’d ask Galaxy Zoo vol-
unteers to do in the years ahead.) A grant from the wonderful 
Leverhulme Trust followed (I love an application form which 
includes the question ‘why won’t anyone else fund this?’), and for 
the first time we could think about expanding.

From this point on ‘we’ includes a diverse cast of wonderful, 
slightly bonkers web developers and escaping scientists who 
deserve a lot of credit for the last ten years. This isn’t a formal his-
tory, so I won’t stop along the way to describe who did what, but 
you should be very aware that this is a team effort. My first hire 
was Arfon Smith, a cheerful Welsh presence who I’d first encoun-
tered when we were PhD students. Arfon studied  astrochemistry 
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from a chemist’s perspective, but had realized research was not 
for him and become a web developer. (He now heads the grandly 
titled Data Science Mission Office at the Space Telescope Science 
Institute in Baltimore, the home of Hubble, and so his attempt to 
escape academic research hasn’t gone brilliantly.)

With Arfon’s expertise on board we could build something a 
bit less jury-rigged to support Galaxy Zoo, and also try out some 
new things. We were planning the Zooniverse—a platform con-
sisting of many projects—rather than just a single website. As 
we thought hard about how to build a system that could be what 
we wanted, we slowly acquired a set of test projects, all ambi-
tiously different from each other. One of the first came when I 
found out that the team at the Royal Observatory Greenwich 
were thinking of developing a similar project using solar data. 
I’ve always loved visiting Greenwich—arriving there on the boat 
which runs from central London and spying the green dome of 
the old observatory up on the hill, behind the beautiful old 
Royal Naval College and Queen’s House, is absolutely thrilling. 
I was also intrigued by the idea of working within a museum; 
the success of Galaxy Zoo had meant we were suddenly com-
municating with a huge number of people in a fairly novel way, 
and the idea of a place where there were experts in communi-
cating with the public seemed useful. More to the point, as far as 
I was concerned if anyone was going to do such a project it was 
going to be us.

I recruited Chris Scott (then at the Rutherford Appleton Lab, 
now at the University of Reading), who I’d interviewed several 
times on the topic of solar weather. Chris is one of the team 
behind a very special pair of cameras, the Heliospheric Imagers 
(HIs) on the twin STEREO spacecraft. STEREO’s mission was to 
study solar weather, the activity on the surface of our star which 
can affect the whole Solar System. At any given time, particles 
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are flowing away from the Sun in a stream known as the solar 
wind, but occasionally things get more spectacular.

The Sun is a ball of ionized gas (otherwise known as plasma). 
That means that as it rotates, it doesn’t do so in the way a solid 
body does. If you could stand at the solar equator (a terrible idea 
for many reasons), you would complete one rotation every 24.5 
Earth days. If you stood at the solar poles—a no less terrible 
idea—it would take thirty-eight days to rotate. The Sun also has 
a strong magnetic field, and this differential rotation has a pro-
found effect on it. The magnetic field becomes tangled, and every 
so often releases energy by springing back to an untangled form, 
expelling material into space as it does so.*

These events are known as coronal mass ejections, or CMEs 
for short (Plate 7). In Chris’ phrasing, each consists of a billion 
tons of matter moving at about a million miles an hour. They are 
spectacular and dramatic, but they are interesting for practical 
reasons too. Every so often, the Earth happens to get in the way 
of one of these CMEs. If conditions are right (again, the details 
depend on the complexities of interacting magnetic fields and 
charged particles), the particles from the CME can cause a change 
in the Earth’s upper atmosphere, creating glorious displays of 
what are called the aurorae, the Northern and Southern Lights.

The background flow of particles from the Sun means that at 
least a faint display of aurora is visible on most nights. I used to 
act as a tour guide on special flights to go view the Northern 

* The actual physics of this are, from my perspective, unbelievably compli-
cated, and as a result I have the utmost respect for the scientists brave enough to 
take on trying to understand the Sun as their life’s work. If you want to bamboo-
zle most astronomers, just ask if they have considered the effect of magnetic 
fields; the answer is almost always ‘no’. I have the liberty in my work of looking 
at distant stars and galaxies and deciding that they look simple; with the Sun, we 
have no such option and must confront its complexities.
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Lights; we’d fly north towards Iceland, turn the lights in the plane 
off (and sometimes those on the plane’s wings too), and peer out 
of the windows. I took something like forty flights, and only once 
did we have a complete failure. Most of the time, though, what 
we could see was a faint, grey curtain. It might flicker a little, and 
change shape over the course of the hour or so we’d watch, but 
my job as the on-board astronomer was to make sure people 
were excited by seeing something so unspectacular.

After all, most of the people on board the flights were there 
because they’d seen footage or photos of brilliant and brightly 
coloured aurorae, lighting up a snow-covered landscape with red 
and green shadows as the lights dance overhead. I’ve seen such a 
display only once, on a trip to Tromsø in northern Norway. Local 
aurora expert Kjetil Skogli had taken our group out to a frozen 
lake, but as we headed to the site we could already see something 
spectacular was happening.

Before too long, I was lying on my back in the snow looking up 
into a clear night sky that was like nothing I’d ever seen before. 
The horizon was lit up with a bright green curtain that seemed to 
change ethereally even while we looked at it. Bright streamers 
reached up, high into the sky, suddenly brightening and fading as 
I looked. Eventually, the sky far above me was encircled with red, 
a feature known as an auroral crown (Plate 8) which I’d only read 
about before. It was utterly magical, a transformative hour or so 
that I will never forget, a few moments’ glory powered by the 
arrival of a CME, with particles from one of these events pouring 
down onto the Earth’s atmosphere and exciting the particles 
there to glow brightly for our entertainment.

The next night we went back out, and drove through a blizzard 
to the Finnish border to find a gap in the clouds. Despite this, we 
were rewarded only with a faint glow. The Sun, and its interaction 
with the Earth, is capricious in the extreme. Yet  particularly large 
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or energetic CMEs can have consequences that reach beyond the 
success of a sightseeing trip. The electric currents induced by 
such activity are a serious threat to much of our electronic infra-
structure; a power blackout that affected large parts of North 
America and Canada in 1989 was blamed on a solar storm. The 
famous Carrington Event, a dramatic flare observed during the 
nineteenth century, affected telegraph systems—the high-tech 
communications infrastructure of the time. Much of our infra-
structure is now in space, with satellites in the firing line and vul-
nerable to the effect of CMEs.

With warning, most of these negative consequences can be 
prevented. Understanding solar weather, and predicting whether 
an observed event might hit the Earth, has thus become a prior-
ity. To this end, the STEREO mission was supposed to provide a 
unique perspective. It consisted of two separate spacecraft, each 
placed on an orbit which meant it drifted slowly away from the 
Earth. One was ahead of our planet and one behind, flying with 
cameras turned to study the Sun and its environment.

The HI cameras the twin spacecraft carried had a different job. 
They were designed with a series of internal baffles, made of 
some of the blackest material available, all in the service of reduc-
ing internal reflections. That’s necessary, because these cameras 
had the job of staring at the space between the Sun and the Earth, 
watching for the faint trace of coronal mass ejections travelling 
through space.

The images from the HI, turned into low-resolution video, are 
strangely beautiful. You see nothing but a background starfield 
at first, drifting slowly past the camera as the spacecraft moves. 
You might notice a couple of stars that are much more brilliant 
than the others. These aren’t stars, but planets—Venus, or even 
the Earth drifting slowly through the field of view. The fact that 
we can launch a spacecraft capable of capturing a beautiful 
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image of our own planet, as just one drifting object among a 
myriad stars, is something that stops me dead in my tracks from 
time to time, but this—and the occasional spectacular movie of 
a comet having its tail removed by the fast-moving particles of 
the solar wind—is very much beside the point. The main goal for 
the STEREO HI imagers, and the other cameras on board, was to 
understand how the solar wind gets launched and then travels 
through the Solar System.

Picking out the ghostly trace of a passing coronal mass ejection 
against a background of stars is difficult—exactly the sort of pat-
tern recognition task that computers still struggle with and at 
which our biological, evolution-honed senses excel at. With the 
help of those in Greenwich, Chris’ team, and others, we created a 
project, Solar Stormwatch,* which asked volunteers to watch vid-
eos, spot CMEs, and trace their progress across the Solar System.

This was a difficult task for us, as we had to build a whole new 
set of tools capable of dealing with video and allowing the care-
ful marking that was needed to produce scientifically useful 
results from such a task. It was also difficult for the volunteers, 
who had to look carefully to find even the faintest traces of activ-
ity in very busy images. Of special importance were the first few 
frames of any particular event, when the particles that made up 
the CME had just been launched from near the surface of the 
Sun; as they travelled through the lower atmosphere of their star, 
they would have interacted with the magnetic fields that thread 
the region, producing what could sometimes be a dramatic 
effect.

* Most of the development was done by the talented Jim O’Donnell, then a 
web developer in the team at the museum in Greenwich but more recently a 
stalwart of the Zooniverse team in Oxford.
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To our delight, Solar Stormwatch was a hit. While not receiv-
ing the publicity that Galaxy Zoo had, tens of thousands of 
 people took part, and there were a couple of immediate scientific 
results from the Solar Stormwatch project. First of all, Chris’ 
team showed that—partly because of the unique vantage point 
afforded by the two STEREO spacecraft and partly because of the 
care taken by volunteers to achieve incredible accuracy—using 
classifications from citizen scientists provided a better warning 
of the approach of a CME towards Earth than existing automated 
systems. If you’re a company with commercial satellites, you 
would literally be better off consulting our crowd (and, yes, 
launching your own version of STEREO, as the vagaries of orbital 
mechanics have since seen the two spacecraft drift to less useful 
positions) than relying on your resident machine-learning 
experts. Machine learning for this sort of problem is still in its 
infancy, and professional forecasters, it turns out to my surprise, 
still inspect the data by eye, but perhaps the Solar Stormwatch 
results might provide a gold standard set on which future storm-
hunting robots could be trained.

There was also a scientifically interesting result. I described 
CMEs earlier as if they were the result of a sudden event, after 
which they just coast out into the Solar System. Instead, our data 
confirms what had been seen in images from the SOHO satellite 
further from the Sun’s surface; the particles that make up the 
CME accelerate away from the surface of the Sun. Rather than 
just setting off into the Solar System, they get pushed on their 
way by the complex magnetic fields that exist close to the solar 
surface.

Or at least that’s what seems to be going on. Unfortunately, 
I for one didn’t realize this was going to be the interesting bit, and 
so we designed the Solar Stormwatch interface without paying 
special attention to the few frames the STEREO cameras capture 
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around the point where the CME is just beginning to head out 
into the Solar System. We’ve fixed that now, and a newer version 
of the project has asked classifiers to pay particular attention to 
this most interesting of regions, but the results are still awaited 
eagerly.

Solar Stormwatch seems a large jump from Galaxy Zoo, but 
we were looking in other directions too. I knew that a large num-
ber of planetary scientists spent their days counting craters, the 
better to understand the history of the worlds they were study-
ing, and the task seemed ripe for citizen scientists to sink their 
teeth into.

The principle behind crater counting is simple. Imagine that, 
at some point in the Solar System’s five-billion-year history, the 
great volcanoes of the Martian range sputtered into life, with lava 
flowing out to cover the surrounding plains. The new surface 
would be, at least when seen from orbit, smooth and new. Wait a 
few million years, though, and a meteorite large enough to sur-
vive a fall through the thin Martian atmosphere is likely to hit, 
burying itself into the surface or vaporizing near impact, in either 
case leaving behind an impact crater. Wait a little longer, a sec-
ond meteorite might hit. And then another. And another. Even 
seemingly rare events become common over the billions of years 
of cosmic history.

From today’s perspective, we can count the craters to work 
out how old the surface is, at least relative to others on the 
same planet. The cratered surface of the Martian highlands, for 
example, is clearly older than the volcanic and smooth slopes of 
the Tharsis Montes. Play this game on the Moon, and there’s an 
added twist: the Apollo missions brought back a treasure trove 
of lunar rocks.

A small proportion of this bounty was used for symbolic pur-
poses, with fragments of rock distributed around the world as 
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symbols of American largess and technological superiority. 
(Though Britain’s allocated lump sits proudly in the Natural 
History Museum in South Kensington, many countries have lost 
theirs; Ireland’s, for example, was thrown away after an observa-
tory fire damaged the building it was kept in.) Most, though, has 
been kept in pristine conditions for scientific purposes, among 
the most important of which is establishing an absolute, not a 
relative date.

With the lunar rock returned to Earth, geologists and planet-
ary scientists have been able to use the full gamut of laboratory 
techniques to establish the age of the samples, mostly via radio-
metric dating. One technique makes use of the fact that a par-
ticular isotope of potassium, 40K, decays to a particular isotope 
of argon, 40Ar, when one of the protons in its unstable nucleus 
turns into a neutron.

Argon is a gas, and if the rocks are melted through heating, it 
escapes. Measuring the amount of 40Ar present and comparing it 
to the amount of potassium reveals how long it’s been since the 
rock was melted. Since for most of the lunar surface the last melt 
corresponds to the volcanic formation of the surface, for the few 
precious places visited by the twelve Apollo astronauts we know 
absolutely how old the surface is. Count the craters there, and we 
can calibrate our entire scale for the Solar System, and get proper 
dates for major, surface-marking upheavals on any world.*

It still boggles my mind that our understanding, say, of how 
old the moons of Mars are, needs to be calibrated by work with a 
lump of rock picked up from the Moon by human beings, but 

* It is, of course, much more complicated than that. To do the job properly 
one needs to consider the different rate of bombardment on Mars, neighbour to 
the asteroid belt, for example, and on the Moon, and of course the different rates 
at which meteorites burn up in Mars’ atmosphere compared to, say, in the thicker 
air of Earth, will matter too. But you get the idea.



In to the ZoonI v er se  125

until we explore further that’s precisely the case. The trouble is 
the crater counting. Most of the Moon’s surface is billions of 
years old, and that is a lot of time for craters to build up. There are 
old surfaces on Earth, too, but here erosion due to weather 
removes the scars of all but the largest or more recent impacts. 
On the Moon, more or less, once a crater is in place it stays put 
until aeons’ worth of subsequent impacts eventually obscure it.

Looking at parts of the Moon is a matter of picking craters out 
from among the debris of previous generations of craters, which 
is not an easy task. As higher-resolution images became available, 
the task of crater counting became more and more difficult and 
time-consuming; the arrival at the Moon of NASA’s Lunar 
Reconnaissance Orbiter, which mapped almost the whole surface at 

Figure 18 The Apollo 17 landing site as seen by the Lunar Reconnaissance 
Orbiter. The remains of the lunar module and blast marks from its take-
off are clearly seen, as are tracks from the lunar rover the astronauts used 
to explore.
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a resolution of a hundred metres per pixel, threatened to over-
whelm scientists (Figure 18).

The solution was to turn to volunteers, and using the same 
software that powered Galaxy Zoo we set up and ran a project 
called Moon Zoo, producing catalogues of craters at important 
sites. The project wasn’t as successful as its predecessors—partly 
because there turned out to be pretty big differences in what 
experts were prepared to count as a crater—but it was another 
early reminder that we galaxy experts were not the only ones fac-
ing a flood of images and data that people were struggling to deal 
with. Nor was it just astronomers. With the Sun, Moon, and the 
distant Universe covered, the fourth Zooniverse project brought 
us back down to Earth.

Back down to Earth, though still dealing with planetary-scale 
phenomena. Understanding the Earth’s atmosphere and climate 
is of inherent interest even to an astronomer like me—how else 
are we to get a sensible understanding of how all of these planets 
around other stars must behave—but being able to predict how 
the climate might change in the next few decades is an urgent, 
vital question. As it’s not possible (or at least, not sensible) for 
them to conduct experiments on a planet-wide scale, climate sci-
entists have reached the same solution as cosmologists who face 
similar struggles experimenting on the Universe, turning to large 
computer simulations.

In the powerful computers owned and operated by places like 
the UK’s Met Office, it’s possible to run simulation after simula-
tion of how the weather and climate might play out over the next 
few decades given different scenarios. It’s a complex, difficult 
problem, replete with the kind of feedback loops that mean it’s 
hard to make even simple predictions. For example, warmer air 
may lead to more clouds. But think about an image of the Earth 
from space, with bright white clouds flecked across the darker 
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blue of the oceans and the green and brown of the land. It’s not 
hard to realize just by looking that the clouds reflect more light 
than the surface they cover, so they have a cooling effect. But 
more clouds means more rain, and so the composition of the 
atmosphere changes, and so on and so on.

These difficulties can be addressed, and indeed they have been 
to such an extent that we can be confident that the changes now 
visibly underway in the Earth’s climate are due to the steady 
input of man-made carbon dioxide into the air. Unless politi-
cians the world over (and, yes, the rest of us) get our act together, 
these sobering simulations show our future of more extreme 
weather events, unbearable summer heat, and dramatic change 
across the face of the planet. Planning for these changes, much 
less averting them, depends on being able to rely on the models, 
and that means doing the best possible job of testing them.

One option is to wait. I did attend one meeting of climate sci-
entists studying the Arctic, memorably held in a dark and stormy 
Reykjavik one October. With storm clouds gathering over the 
ocean and cutting the days short, it appeared to me to be a suit-
able location to discuss the fate of the world. I’d expected the 
speakers to have ideas on how to engage the public in averting 
climate catastrophe, but the mood of the meeting was different. 
Everyone who was involved in trying to create explanations, the-
ories, and models of the Arctic had results that made sense of 
current conditions. That, after all, was the price of entry—any 
new theory that couldn’t explain what was happening in the 
Arctic today would get short shrift. However, different models 
predict wildly different futures, and amid a slightly manic sense 
of end-of-the-world excitement, the scientists in Iceland dis-
cussed how the changing climate might provide experimental 
proof of one idea or another.
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Given that all of the models predicted significant rises in sea 
level, I prefer to find a means of testing climate models which 
doesn’t involve permanently ruining the delicate balance of the 
Earth’s atmosphere and ecosystems. It seems a bit much to pre-
cipitate the greatest environmental catastrophe in the history of 
our species to prove one Nature paper right over another. Luckily, 
we can test climate models by seeing how well they predict not 
only the future, but the past.

By gathering data on the weather and climate going back 
centuries we can make new demands on the supercomputers 
and the theories which are programmed into them. As well as 
explaining what we see today, we can insist they explain the 
past too, and thus gain confidence that they will be able to guide 
us towards the future. The only problem is that we don’t have 
decent records of the weather across much of the world from 
before the middle of the twentieth century. Western Europe 
and the Atlantic coast of North America are OK, but the rest is 
pretty hazy. My main contact at the Met Office, a physicist 
called Phil Brohan, describes the picture as being clouded by a 
fog of uncertainty.

Climate is global, and the effort to understand how the atmos-
phere is behaving greatly benefits from a worldwide picture. One 
part of the world might be having an unseasonably rainy sum-
mer while others bake in conditions of severe drought. If Europe 
is cold one winter, it doesn’t mean that China isn’t having a mild 
time of it. Records do exist, but they are locked away, hidden in 
handwritten notebooks and stuffed in drawers in half-forgotten 
archives the world over.

Phil reckons there are a billion or so observations out there to 
find, in need of rescue and conversion into digital data that can 
be fed into the computers. Some have yet to be unearthed from 
those dusty drawers. Most still sits stubbornly on paper, awaiting 
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the digital photography that is the first step in the long process 
of digitization. Some, though, just need typing up, a data entry 
task that seemed both urgent and so large as to be intractable. 
We thought that volunteers might be able to help, but their work 
needed focus.

Phil and colleagues wanted to concentrate on the most useful 
data, something that would give them worldwide coverage as 
quickly as possible. You really want a fleet of mobile weather-
observing platforms, touring the world and making scientific 
measurements as they went. The word ‘fleet’ is the right one—
land makes things complicated, what with hills and mountains 
and valleys and other factors that affect the local weather, so to 
keep things simple you would, for preference, send your weather 
detectors out to sea.

Luckily, the British Royal Navy has been systematically record-
ing the weather every four hours on board every ship since the 
late nineteenth century, sticking to the task come hell or literally 
high water. The ships’ logs held in the National Archives in Kew 
contain page after page of these observations in table after table, 
with air pressure, temperature, and information about the wind 
recorded next to the everyday business of loadings, unloadings, 
and navigation. These logs aren’t brilliantly written literary jour-
nals penned by officers who would, were it not for Naval service, 
be dashing off novels in London, but to the Met Office team they 
were priceless treasures, and we decided to start with the logs 
from the early part of the twentieth century, particularly around 
the First World War.

If we could get people to transcribe what was written down, 
that is. The software was easy enough to adapt, but there was a 
nagging worry that people would find the task just too boring to 
be contemplated, no matter the scientific justification. My confi-
dence that we weren’t just inflicting tedious data entry on people 
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wasn’t helped by the quizzical look the project name we chose 
got in meetings; we called the project ‘Old Weather’, which I 
thought captured nicely the everyday nature of the data being 
collected and the public fascination with weather records. It 
turns out that talking about the weather is, perhaps, a uniquely 
British phenomenon (who knew?) and my American colleagues 
in particular were deeply sceptical.

We were so worried that we did something we hadn’t done in 
Galaxy Zoo, Solar Stormwatch, or Moon Zoo. We decided to try 
and turn this task into something of a game. When they arrived 
on the site, classifiers were expected to sign up to join a ship’s 
crew. They could then follow along on its voyage, merrily typing 
in weather data as they went, and would be rewarded for their 
efforts by promotion within the ranks. The volunteer who’d con-
tributed most to a particular ship’s logs would be the captain, 
those who had contributed a bit the officers, and so on down the 
list to the new recruits who had merely dabbled.

It turned out that we were silly to worry, and Old Weather 
was an enormous success. In concentrating on the weather data 
our friends the climate scientists needed, we had neglected the 
inherent interest of the logbooks themselves. Within their 
pages, which we had seen only as tables of numbers, were 
laconic records of life on-board ship. As they worked through 
page after page, volunteers got to follow their ship around the 
world. (This turned out to be useful, too, as volunteers who 
spotted sudden jumps in recorded position could put right mis-
taken coordinates which were wrong in the original logbooks 
themselves.)

They also found odd little notes providing windows into life 
on the high seas. There were reports of illness, and even the 
occasional death. Comings and goings were recorded; one officer 
who popped up on several ships turned out to be responsible for 
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distributing medals to boost morale. One, presumably long- 
suffering crew seems to have enjoyed regular lectures on a variety 
of improving subjects from their captain, all faithfully noted in 
the log. We know, thanks to Old Weather volunteers, where a 
saucepan was lost overboard just south of Iceland. Participants 
were especially moved by the loss of the chocolate rations of the 
HMS Mantua in a dockside loading accident (Figure 19).

These minutia have now been edited—by volunteers—and are 
available online. The weather data has been fed into climate 
models and the fog of ignorance Phil and his Met Office col-
leagues are fighting has receded just a little. Having completed 
the Royal Navy’s First World War logs, Old Weather volunteers 
have taken on more difficult challenges, including the amazing 
records of the early Atlantic whalers whose battles with the ice 
preserve a record of exactly where that ice was.

And the list goes on. In 2010 I moved, temporarily, to the Adler 
Planetarium in Chicago. Adler’s a marvellous place, sitting on a 
peninsula that juts out into Lake Michigan; my office was under-
neath the best view of the city skyline available anywhere. 
Founded in 1930 by Max Adler, a businessman who’d made his 
fortune from the Sears catalogue empire, it’s nearly unique as a 
place which employs academic researchers as part of the museum 
staff. They’d spotted the potential for volunteers to contribute to 
science long before, and were excited about Galaxy Zoo. While I 
was there, a grant from the Sloan Foundation meant we could 
build a proper development team. I soon moved back to Oxford, 
but Arfon moved out to Chicago and the Planetarium has hosted 
a large part of the Zooniverse team ever since. Before too long we 
were building projects that helped researchers understand plank-
ton, study animals on the Serengeti, delve deeper into particle 
physics, and much, much more.



Figure 19  Logbook from HMS Mantua for 6 July 1917. Weather observa-
tions occupy the central columns, with occasional notes on the right, 
including the sad loss of fifty pounds of chocolate while loading.
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From trying to understand galaxy evolution to old whaling 
records and gazelle spotting was quite a journey. In each project, 
I’d been worried about getting sufficient volunteers, but each 
time I was elated by the sheer power of people’s desire to help. 
The ability to spend a few minutes trying to understand the 
Universe (or the Earth) was apparently the kind of thing people 
wanted in their lives, and as we tried new and more complex 
things I remained in awe of quite how each small effort could add 
up to something grand.





5
TOO MANY PENGUINS

I don’t think I was ever in any serious danger, but as I slid down 
an icy slope, scraping against freezing rock, my thumping heart 

would have disagreed. About twenty metres below was the frigid 
water of the Southern Ocean, its waves turned into slush by icy 
melt. Scrabbling desperately at the slope through hands hidden 
within padded gloves, I broke through the snow and hit melt-
water running down the rock face. It appeared that I was falling 
down a waterfall, and the water, I took time to notice, was 
 yellow—liberally infused with a year’s worth of penguin guano 
from colonies higher on the mountain.

It was the penguins that had brought me to this remote place, 
far from an astronomer’s comfort zone. As, somehow, I managed to 
stop my sliding, I looked up to see my friend Tom Hart inexplicably 
able to stand on the same slopes that had seen me repeatedly slide 
towards the ocean. Tom describes himself as a ‘penguinologist’, 
and I was supposedly on this trip to assist him in his research.

It’s certainly true that Tom looked at home in Antarctica, his 
uniform of tattered fleece, boots, and rucksack looking much 
more fit for an expedition to the end of the Earth than to the 
Victoria pub in Oxford. He is the architect, as well as the caretaker, 
of an extended network of seventy-five cameras that monitor 
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behaviour in penguin colonies across the Antarctic Peninsula 
(the bit of the continent that sticks ‘up’ towards South America), 
plus a few scattered across the islands of the vast Southern 
Ocean. While researchers such as Tom used to visit each colony 
at best once a year, recording an annual census of the birds, the 
cameras now take an image every hour (Figure 20).

Thanks to this network, nesting gentoo, Adélie, and chinstrap 
penguins are under scrutiny they’ve never faced before. As a 
result, the complex behaviour of the penguins as they fight for 
spots to nest, breed, and raise their chicks can be observed and 
examined. Rather than just having an annual count of each col-
ony, changes in behaviour which might be due to climate change, 
tourism, or fishing can be recorded, and down here that’s import-
ant. The Antarctic appeals to Tom, a committed conservationist, 

Figure 20  Late summer on the Antarctic Peninsular, with the penguin 
nesting site now a muddy mess.
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because it is protected by the Antarctic Treaty. Though politics 
interferes, this is the one place on Earth where clear evidence of 
harm to an ecosystem caused by humans should immediately 
provoke a response designed to fix the problem. Here, at least, we 
can make sure we’re not ruining the planet.

There are two problems. The first is that while the penguin-
ologists now have access to more data than ever before, they are no 
more numerous themselves. They face, as we astronomers do, a 
vast expanse of information encoded in images and have turned 
to citizen scientists for help. The second problem was the reason 
we were in Antarctica. There is no readily available Wi-Fi signal 
that far south, and the cost of transmitting data back to base in 
Oxford prohibitive. The images are therefore stored locally, and 
the cameras must be visited to give up their colony’s secrets.

Each annual visit also serves as a chance to perform mainten-
ance, to prop up tripods and supports, and to replace the batter-
ies. Tom’s life, therefore, is a cross between that of a conventional 
academic and a travel agent with a penchant for the cold, though 
I have to admit there’s at least a flavour of nineteenth-century-
style adventuring somewhere in the mix. The logistical challenge 
of getting to the cameras is made worse by their placement in 
obscure and little-visited spots. There is an existing research net-
work in Antarctica and during my visit, members of the team 
popped in to deliver chocolate to the Argentineans, accidentally 
stumbled upon the Ecuadorian base, and visited a British Post 
Office. The scientists attached to these places and the various 
national programmes have done much to help understand 
Antarctica, but limiting the survey to penguin colonies easily 
accessed from these bases would give only a very fragmented 
picture of what’s going on.

Instead, Tom and his team often use what they call ‘ships of 
opportunity’ to explore. They are essentially hitchhikers with a 
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purpose, occasionally when needs must and funds allow resort-
ing to hiring a yacht, but mostly travelling on board the cruise 
ships which take 20,000 or so tourists to the Antarctic Peninsula 
each year. My trip was on board the Quark Expeditions ship, 
Ocean Endeavour, a voyage on a converted Polish car ferry along-
side 180 tourists from around the world who wanted to see pen-
guins and ice. We’d left the southern Argentine port of Ushuaia, 
one of several places in Tierra del Fuego that claims to be the 
southernmost city in the world, and survived crossing the Drake 
Passage, the stormy sea that divides the continents. As I lay as 
still as possible in a rocking bunk, queasy to the core, I assumed 
we were being treated to a ship-threatening tempest, but it was 
nothing so extraordinary; the Drake Passage just is rough.

By the morning of my icy slide, we’d already made it to ten of the 
network’s cameras. Every visit is crucial, because each year brings 
only a handful of opportunities to get to each site. Miss a camera, 
and it will fall dark for a year, its batteries drained, leaving a large 
gap in our knowledge of that site. So the work was important, but 
it had equally been straightforward. In each place, I’d been able to 
enjoy spectacular surroundings, in a landscape of towering moun-
tains and looming icebergs under a beautiful late summer Sun.

The sheer diversity of the ice is remarkable, and to me com-
pletely unexpected. Most of it glows a deep blue colour in the 
sunshine, a colour which indicates ice under pressure. Squeezed 
hard, the air bubbles that normally scatter light and make snow 
appear white are absent. As we walked, crunching through more 
recent snow, we left a trail of blue footprints behind us. The white 
and blue of the ice is broken by dark, almost black volcanic rock 
formations, and we sailed through passages which divided sheer 
cliffs. This isn’t exactly unexplored territory, but it was surpris-
ingly moving to look from horizon to horizon and see precisely 
no evidence of human interference.
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The aim that morning was to get to the last camera of the sea-
son. After this, the oncoming winter would mean that Tom’s net-
work would have to survive without him for another year. This 
one was last for good reason—it is far from the landing spots 
suitable for a cruise ship full of tourists. I’d reached my precar-
ious position halfway up a cliff via a bouncy ride in a little inflat-
able boat, a Zodiac, with Tom and one of the ship’s expedition 
staff, Raefe.

Raefe had recently retired from a career with the Australian 
military, a background which showed up in his meticulous kit, 
his complete unflappability, and his willingness to be diverted 
from his day’s routine by helping out us scientific hitchhikers. As 
I clung to the ice, I glanced down to see him sitting with a hand 
on the tiller of the boat, idling to keep the flakes of ice we’d 
pushed through from snarling the boat. I was very aware I was 
making a fool of myself, failing to live up to even the pretence 
that I belonged in this wilderness, as I awkwardly scrambled up 
to where Tom was.

He eyed me sceptically, spotting the streaks of guano that now 
decorated my waterproofs, and announced we were going back 
to the boat. I’ll spare you the details, but getting back was no 
more fun than making the little progress I’d managed, but all 
ended well. We found a different landing spot, and Tom set off 
alone, happy to cope without the presence of an astronomer. I sat 
and watched him scramble up, and thought about what was 
going to happen to the data he was bringing back.

The camera on top of the hill hadn’t been visited for over a 
year. For most of that time, images would have been taken every 
hour, adding up to thousands over the course of the year. During 
that time, nest sites would have emptied and then disappeared 
under snow, awaiting the return of the penguins in the spring. 
Once they returned, then they would have mated, prepared nests, 
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guarded eggs, and raised chicks, all under the snapping gaze of 
Tom’s cameras.

The outlines of this story are familiar to anyone who has ever 
watched a nature documentary, but it’s the details that matter. By 
flicking through the images from their cameras the penguinolo-
gists had noticed something that would have been hard to see 
otherwise; penguins would occasionally return to their nests 
even when the colony wasn’t occupied. They seem to be keeping 
an eye on their summer homes, perhaps doing a little light main-
tenance, but mostly ensuring the spot is still theirs. Nests are 
defended vigorously when the tightly packed colony is fully 
occupied, and it seems that at least some of the birds want to get 
a head start in securing territory.

Those images are strangely moving, a single penguin appear-
ing in a frame or two in the Antarctic twilight. Other newly 
revealed aspects of penguin behaviour are less romantic. There 
is a part of visiting the Antarctic that doesn’t come across in 
documentaries, and which won’t show up in the holiday snaps 
of the camera-toting tourists who sailed with us. There isn’t a 
nice way to say this, but penguins absolutely stink. The smell is 
difficult to describe, being acrid, pungently fishy, and rich and 
complex like an old brie. Try imagining a heap of manure 
sprinkled with herring left out in the summer sun and you’ll be 
close.

One of the reasons that the birds smell so bad is their charm-
ing habit of carelessly defecating wherever they are. It’s common 
to watch one charmingly tottering along, as photogenic as you 
like, before stopping to lift its tail and expel a bright white stream 
of guano with surprising speed and range. A study by researchers 
Victor Meyer-Rochow and Jozef Gal published in 2003 found the 
pressures exerted by defecating penguins are up to four times 
higher than in humans, a fact I mention mostly because they also 
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note that it’s not yet known whether the birds are actively choos-
ing which direction to direct the flow.

In other words, it’s not clear whether they’re aiming, but results 
from the camera traps suggest there might be a reason for their 
apparently unhygienic behaviour. When the main colony returns 
in the spring, some of the nesting sites lie under snow. Until the 
snow melts, nesting cannot occur, and the main business of the 
summer can’t start. Once it does, the images from the cameras 
show a hive of activity, but they also show something else.

The areas where the penguins are nesting are often clear of snow 
long before their surroundings. This is, Tom reckons, not the effect 
of penguins settling in suntraps, but a consequence of their liberal 
additions to the local environment. As I’d had the chance to note 
first hand, snow with penguin guano in it is darker than its sur-
roundings, so it’s possible that it absorbs more heat from the 
Sun—like wearing dark clothes on a hot day. There are other pos-
sibilities; it may be that the effect is more direct, and it’s the heat of 
the penguin poop that matters, or perhaps even its saltiness.*

In any case, rather than random bad behaviour it may be that 
the penguins lack of toilet training is an evolutionary adaption to 
their environment. To test the idea that it’s the darkness of the 
guano that makes a difference, small plastic discs of varying 
 colour had been left in front of the cameras so the team could see 
whether they too sank into the snow before the rest melted. This 
is careful experimental science in the field, enabled by the ability 
of the camera network to be there for a significant period of time 
instead of simply making a flying visit.

Interesting things happen when you have a network of camera 
poles in the Antarctic that happen to have batteries and regular 

* This last idea is my favourite, as it means the penguins are essentially salting 
the icy paths around their homes, just as we do.
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visits. Tom is slowly accreting a network of other scientists who 
are interested in his sites; many of the cameras we visited were 
newly adorned with small test tubes halfway up the pole. These 
are pollen traps, collecting the slow drift of material from the air 
here in a plantless desert precisely because that guarantees an 
unbiased sample. Colleagues of mine have even talked of con-
verting penguinology stations into detectors for cosmic rays, 
high-energy particles coming from space.

While running about from camera to camera, and sitting 
exhausted on the ship thinking only about the next day’s efforts, 
it was easy to close my eyes and imagine myself on a great scien-
tific voyage, exploring the last of the Earth’s great wildernesses 
(Figure 21). Yet people have been travelling to the Antarctic for all 
sorts of reasons for a long while now; even before I opened my 

Figure 21  A moody day in the Antarctic, with penguins, ice, and our 
expedition ship in the background.
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eyes and reminded myself I was on board a tourist-carrying 
cruise ship it was obvious from visiting that the Antarctic 
Peninsula is hardly untouched by human hands. While the still-
unforgiving climate, especially the bitter winters, is always going 
to prevent large-scale immigration, on my trip alone there was 
plenty of evidence of the use to which human beings have put 
this great wilderness.

One of the indelible memories I took from the Antarctic 
adventure is of sailing into a safe harbour known as Deception 
Island. The island is the rim of an active volcano which pokes 
above the waves, with its central caldera flooded and a run of flat 
beaches around the inner rim that provided a site, less than a cen-
tury ago, for a whaling factory. This whole region was, in the first 
few decades of the twentieth century, the centre of a trade in seals 
and whales that butchered now-unspeakable numbers of ani-
mals in the Southern Ocean. As a result, the sights of Deception 
Island include not only rocky peaks and the bluest water you’ve 
seen, but also enormous rusting vats that used to contain oil pro-
duced by boiling down gigantic carcasses. The vats stand next to 
rusting bits of dock, designed to service the whaling boats which 
used to be based here.

The whaling trade didn’t survive long. Just a few decades after 
exploration opened up the Antarctic to fortune-seeking adven-
turers, business collapsed under the twin pressures of the depres-
sion of the 1930s and a fundamentally unstable business; the 
unfortunate fact is that by then so many animals had been killed 
that there were few left to profitably hunt. Antarctic exploitation 
isn’t just a problem for the past, though, and with little data avail-
able on how we were affecting our surroundings we modern 
visitors could not afford to be smug. The presence of tourists in 
Antarctica is both growing and strictly controlled, almost to an 
absurd degree. Granted access to the bridge as part of my role as 
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a (very) junior penguinologist, I listened in amazement as the 
crew of the three or four cruise ships in the area negotiated pas-
sage and landing sites. Partly they were avoiding landing too 
many people in any one place—and I should say that everyone I 
saw was scrupulous in following Antarctic Treaty rules that 
limited the number of people on shore at one time—but they 
were also keen to provide the wilderness experience sought by 
their guests. Our departure from the quiet harbour of Deception 
Island, for example, was timed so that no one on board saw the 
next ship slipping in to enjoy an unspoilt experience of an aban-
doned Antarctic whaling station.

If I sound cynical, I don’t mean to. Many of the most moving 
aspects of the trip for me were the traces of previous human, or 
at least scientist, occupation. On one stop I was moved to tears 
by an empty, stone-walled enclosure that didn’t even deserve the 
term ‘hut’, but which was built by scientists far from home 
searching for a magnetic pole that turned out to be on the other 
side of the continent. Tom, meanwhile, was in a spirit of not-
quite-irony searching for the remains of Toby the pig, the first pig 
to visit the Antarctic twice.*

But there was no escaping the fact that one of the things that 
might be threatening the well-being of the charismatic, if stink-
ing, penguins was our own presence alongside them. Part of the 
point of our mission was to try and understand human impact 

* Toby had sailed south with a Uruguayan expedition, who sold him to a 
French ship on the way home. Toby’s second visit to the Antarctic was thus part 
of an exhibition organized by the French explorer, Jean-Baptiste Charcot, whose 
crew were one of the first to deliberately overwinter on the Peninsular. Charcot 
is remembered now for his superior planning, which allowed for a modicum of 
comfort which he believed was important for the crew’s well-being. There’s a 
photo of him breakfasting—at a carefully laid table—on the ice, butler and 
champagne on hand, and the ship’s crew each morning enjoyed the daily paper 
from Paris—just distributed precisely a year late.
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on the landscape. Tourism was in evidence whenever we were 
there, for obvious reasons, and science—either by our own 
efforts or those of the research bases we visited—also had a 
visible impact. Two hidden threats need to be taken into account, 
though.

The first is the one you’re thinking about. It’s hard to mention 
‘ice’, now, without immediately thinking of the melting induced 
by climate change that is afflicting the world’s ice caps and gla-
ciers. The last few summers have been brutal in the polar regions, 
with the Arctic ice cap frequently so far from its usual extent for 
the time of year that it’s obvious even to most casual observer 
looking at satellite photographs. The Antarctic Peninsula, too, is 
warming, although the complexities of the flow of water around 
here have complicated the picture somewhat. The other threat 
lies offshore, and comes as something of a shock to those who 
have come here precisely because it is an unspoilt wilderness.

‘Fishing?’, they say, as Tom explains his idea that the penguin 
colonies we are visiting are suffering from the effects of over-
zealous human fisheries. The colonies look robust enough, but 
data from the camera traps show that the numbers of one species 
in particular is declining. It is the species of penguin that depends 
most of all on krill, the diverse and nutritious tiny crustaceans 
that swarm throughout the Southern Ocean.

Krill have been harvested seriously in these waters for the last 
couple of decades. That sounds surprising, because you’ve never 
ordered a krill burger, but in addition to food for fish farms the 
bountiful harvest produces gallons of sub-standard cod-liver 
and fish oil. Buy a generic supplement from your pharmacy, and 
without reading very carefully you’ll be competing with the 
Antarctic penguins for their primary foodstuff.

There is a lot of krill to go round. One source, the Commission 
for the Conservation of Antarctic Marine Living Resources, 
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points out that the mass of all the Antarctic krill in the world 
outweighs us humans. Unlike human flesh, though, most of the 
biomass which exists in the form of krill is eaten each year and 
then replaced. This rapid turnover makes it even harder to believe 
that human intervention could make much of a difference, but it 
actually makes the problem worse.

As the krill disappear, harvested for our consumption, those 
penguin species which aren’t able to adjust to find other food-
stuffs suffer. Tom’s camera network has already picked up a dif-
ference between the resilient gentoo penguins, which have been 
able to switch from krill to other food, and populations of less 
versatile chinstraps.

Cameras can only tell you so much, which is why I found 
myself reaching tentatively into a fridge full of a summer’s worth 
of guano samples. Tom and team have long been in the habit of 
collecting penguin poop from most of their sites, hoping to 
marry serious lab analysis with camera data. The cameras tell us 
how the colony is doing, and the lab work will tell us how at least 
some individual penguins are doing, bearing information on 
diet, on health, and on any infections the penguins carry.

First though, we had to get the samples back to Oxford, and as 
the ship sailed around the peninsula there was a rare opportun-
ity. One of our stops was Port Lockroy, a British base more than 
a hundred years old and home to the only functioning Post Office 
on the continent. The volunteer staff from the charity UK 
Antarctic Heritage, who run the base, act as curators, mainten-
ance staff, wildlife recorders, and more during their stint there, 
but during the tourist season they also run a thriving gift shop. 
Must-have items include an Antarctic tartan tie, but what every-
one really wants is to send a postcard back to friends at home.

There is, therefore, a working Post Office, though you have to 
wait for the next ship before mail leaves the base. If Tom and I 
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could package the samples that had been languishing in his 
fridge, they could be dispatched directly from the base to Oxford. 
That meant diluting each sample with stabilizing chemical, 
which meant donning latex gloves and squeezing into the tiny 
bathroom attached to Tom’s cabin.

I’ve already mentioned the unappetizing smell of the penguin 
colonies, and the stench of their droppings within the small cabin 
was unforgettable. It got into one’s nostrils instantly, onto 
clothes, and, I feared, into my skin. After a while on the produc-
tion line, handling tubes Tom passed to me while pointing them 
as far from my nose as possible, I pleaded for a break and headed 
out to get coffee.

I got back to the cabin to notice one of the ship’s efficient crew 
fiddling with pipes in the corridor outside. I was just explaining 
this to Tom when a knock on the door revealed the ship’s purser, 
in pursuit of an unearthly smell that was disturbing those paying 
passengers who were trying to have the holiday of a lifetime 
around our scientific expedition. Apparently he wanted to see 
Tom’s bathroom, where he feared the smell now working its way 
through the ship’s air conditioning originated.

I don’t really know how to describe what we looked like, two 
unshaven researchers with blue hospital gloves, inane grins, and 
the realization of what we’d done slowly showing up in our 
expressions. Somehow, between our shock and his confusion, 
we agreed he should come back and inspect the plumbing later 
and got on with the job. I’ve never worked faster in my life, and 
somehow we got the samples safely packaged before a more for-
cible intervention arrived.

Reflecting on the morning’s events in the ship’s bar later, won-
dering if people were avoiding me because of a lingering stench, 
I realized just how close to astrophysics Tom’s research was. 
Obviously, I’m rarely called in to deal with galaxy excreta, at least 
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directly, but Tom (with my inept help) had become, while still 
doing science, a professional and an expert in data collection. His 
command of the moving network of ships and people, and the 
resulting spread of cameras and data, reminded me of the unsung 
heroes of the Sloan Digital Sky Survey, the engineers and astron-
omers who spend huge amounts of time gathering the data on 
which the rest of us depend.

The fact that we’d rushed to treat the samples before the smell 
contaminated a cruise ship won’t ever be mentioned in a scien-
tific paper. The careful day-to-day diplomacy that ensured that a 
ship employed on quite some other purpose delivered the team 
to each of their cameras is reflected in an unbroken data series, 
but won’t ever be commented on in formal publication. And the 
fact that Tom was able to leap up that hill, and I wasn’t, won’t be 
recorded anywhere but in the pages of this book.

Similarly, without people who understand how to make the 
telescope perform, to keep the camera operating at peak per-
formance, all the science that uses this data is measurably poorer. 
Without people who are really good at being Sloan’s ‘cold observer’* 
my measurements of galaxy properties would be less  accurate. 
It’s rare, in science, to pay much attention to these hidden parts 
of the process, which since the nineteenth century have become 
increasingly professionalized and, for most of us as we’ve entered 
the digital age, increasingly remote from our day-to-day lives.

When you go to that much effort—whether in the surpris-
ingly chilly New Mexico night or the much more predictable 
cold of the Antarctic—it’s important to make the best of all of 
the data you can obtain. For  Tom and his team that means shar-
ing the images his camera network takes, and which they go to 

* This is a real job title; the cold observer is out with the telescope while the 
‘warm observer’ is inside with the electronics.
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such lengths to return to Oxford, with the entire world, via a 
Zooniverse project called Penguin Watch.

Penguin Watch is perhaps the simplest of all our projects, so 
straightforward that I know 5-year-old children have taken part. 
Presented with an image from the cameras, all you have to do is 
count and then click on the penguins. This information seems 
almost banal in the context of a single image, but over time we 
learn how colonies shrink and expand, how much time individ-
ual penguins are spending out at sea, and even what their feeding 
behaviour is like. These details can then be compared to weather 
and climate records, to changes in fishing permits and protected 
areas, and to visitor numbers to get a sense of what’s really hap-
pening.

For that to work, the data must be accurate. An individual pen-
guin counter can make a mistake, and so the key is to combine 
everyone’s penguin counts to produce a consensus. All of our 
citizen science projects depend on multiple people looking at the 
same data, but there are a few maddening quirks about penguins 
that make it more difficult. First—and you might have to take my 
word for it—there are a lot of them. We, of course, are after an 
accurate, scientific count, but some of the cameras capture hun-
dreds of penguins in a single image. That’s not ideal, obviously, 
but the cameras are set up once and then left for the year and so 
when things change, so does their view.

The problem with having too many penguins is that people 
baulk at counting them. Being presented with an image of hun-
dreds of the critters is, for many people, more annoying than 
interesting. Our designers and developers know this, and so 
Penguin Watch reassures you that after your penguin count 
reaches thirty it’s OK to move on. (It turns out there are people 
out there, many of them attracted to Penguin Watch, who deeply 
resent this message. They are people who like order, who like 
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completing a challenge no matter how many penguins it involves. 
And so we learn once again that people are complicated.) For 
these busy images, therefore, few people cover every penguin. 
Some click the front row, others a cluster near the back, and so 
on and so forth.

What we’re left with once many people have seen each image 
is a mosaic of things that at least one person thought was a pen-
guin. What the team need is a list of likely penguins, ideally with 
some sense of how likely each possibility is to be real. This 
requires some careful data handling, but the basic idea is sim-
ple—if two people mark a penguin in roughly the same place, 
then each marking counts as a ‘vote’ that there’s a penguin there. 
The nice thing about this is that the researcher working on the 
data, has only got to make two decisions. The first concerns how 
close together two markings have to be for them to be in ‘roughly’ 
the same place. That can be found by trial and error. If you have a 
few images that experts have gone through, then you can just 
adjust the parameter until you get results that look pretty good. 
If you fail, then you need more people to look at each image so 
that you get more data. This is essentially what we do when test-
ing a project.

That’s the easy part. If you want to make it complicated, there 
are reams of computer science papers that deal with this sort of 
clustering problem, and plenty of researchers who will make it 
more complex for you. The degree of proximity required to have 
the algorithm decide that two marks refer to the same penguin 
need not be a constant, for example, but could depend on how far 
the markings are from the camera, or the time of day, or how 
many other penguins are in the image, or a host of other varia-
bles.

In general, though, because Penguin Watch volunteers are 
pretty good, there’s not much need for a complex solution to the 
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problem. The second decision you have to make is much more 
difficult. How many people have to have marked the same spot 
for us to conclude there is a penguin there?

We want accurate data, so the temptation is to say that we 
need lots of people for each penguin. That’ll produce a set of 
places where we’re really, really sure a penguin is—but we’ll miss 
most of them. If we want complete data—if we want to catch 
every penguin going, even the ones at the back disguising them-
selves effectively as rocks—then we need to relax, make the algo-
rithm less picky, and include places where only a few people say 
there’s a penguin in the final list.

That will decrease the accuracy, so there’s a trade-off to be 
made between accuracy and completeness; in a problem like 
this, you have to choose which you care more about. This turns 
out to be a general feature of this type of problem, and for differ-
ent scientific problems you might pick different combinations. 
If you wanted a few excellent images of penguins, for example, 
you might go for high accuracy and low completeness. If your 
research called for an upper limit on the number of surviving 
penguins, then completeness becomes more important than 
accuracy.

But this isn’t the end of the story. We haven’t used all of the 
information we have to hand, and in trying to squeeze more 
from the data, in order to do justice to all the hard work that went 
into collecting it, things get interesting. So far, we’ve treated every-
one’s classifications as being of equal value, but it must be true 
that some will be better, or more diligent, at penguin counting 
than others. For example, we know a large proportion of people 
who take part in Penguin Watch in particular have ‘Mom’, ‘Mum’, 
or ‘Dad’ in their usernames; it seems reasonable to assume that 
these represent households where participating in science by 
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counting penguins is a family activity, involving children too 
young to have their own account.

It’s possible too that these kids are less good than their older 
counterparts at the task, and thus we should pay less attention to 
them. On the other hand, I could easily believe that the combin-
ation of growing up as digital natives, smaller hands, and the 
insatiable desire for repetition that characterizes most 5 year olds 
of my acquaintance might make them killer classifiers. We don’t 
have to decide in advance; with only a small number of images 
labelled by experts, we can find the people who are best at pen-
guin counting, and pay attention to them.

It’s a simple and obvious idea. The ability of websites to under-
stand us based solely on our interactions with them is one of the 
things that drives the digital world. If Google can discover just by 
watching the information I happen to give it where I work (after 
a brief, embarrassing period during which it insisted the Lamb 
and Flag pub was my office), and if Facebook can serve up the 
memory of the long-forgotten party I want to see each morning, 
then surely discovering whether I’m any good at penguin count-
ing by asking me to count penguins is the digital equivalent of 
child’s play.

Once we start thinking like this, there’s much we can do to 
improve the efficiency of citizen science projects. As well as pay-
ing different levels of attention to individuals based on their per-
formance, we can start thinking about how to combine human 
and machine classification, or even how to manipulate what 
 people see to make them more likely to stay on the site. As you 
might imagine, this gets tricky quickly, and to think about the 
possibilities we need to return to space, and to looking up at the 
night sky.



6
FROM SUPERNOVAE 

TO ZORILLAS

One of the things I like about Oxford is that the sky is still 
pretty dark. I don’t live far from the centre, and a relatively 

benign street-lighting policy means that as I wheel my bike into 
the garden after a late night in the office (or the Lamb and Flag) I 
can look up and see the stars. Partly, I like being able to mark the 
passing of time in the changing display of constellations, but I’m 
looking too for a glimpse of unchanging infinity. It’s nice to be 
assured that whatever crises are happening here on Earth, the 
vastness of the Universe is there, beautiful and silent and unchan-
ging. It’s clearly not just me that feels like this; from Immanuel 
Kant, filled with ‘admiration and awe’ by the starry heavens above 
him, through Walt Whitman’s protagonist who braves the ‘mys-
tical moist night air’ to look up ‘in perfect silence at the stars’, 
plenty have gazed on the sky for a bracing dose of cosmic per-
spective.

The effect isn’t limited to looking at the sky directly, either. A 
good 8 per cent of respondents to the first survey we carried out 
of Galaxy Zoo volunteers said they were participating in the pro-
ject because they enjoyed the opportunity to ‘think about the 
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vastness of the Universe’. The bad news is that modern astro-
physics is hell bent on making it clear that the unchanging, ever-
enduring sky is anything but that. It changes, and increasingly 
astronomers are paying attention to this changing sky, an atti-
tude which is bringing exciting discoveries. Whereas in the twen-
tieth century hacking at the frontier of observational astronomy 
meant stretching to new wavelengths, to radio astronomy, and to 
high energies, in the twenty-first it means paying attention to 
how things change with time. This would have surprised our pre-
decessors. Of course, a few things have always been known to 
change—the phases of the Moon, the positions of what the ancient 
Greeks called ‘wandering stars’ which we now call planets—but at 
least regular and increasingly predictable patterns could be dis-
cerned. The idea of sudden, violent change would have been 
deeply shocking; it seems to have been at least one reason that 
comets, appearing without warning and then vanishing again, 
were seen as omens.

The shock must have been worse when apparently simple, 
straightforward, and familiar objects misbehaved. Comets belong 
to the Solar System, and whizz past with their message of doom, 
but supernovae are another thing altogether. They appear as new 
stars, shining brightly for a period of a few weeks or months 
before fading forever. In May 1006, for example, the otherwise 
obscure constellation of Lepus—the hare at Orion’s feet— 
suddenly boasted a bright new jewel. Bright enough to be easily 
visible in daylight, it was recorded by observers in Europe, China, 
and Japan.

For a few short months it was the brightest thing in the sky 
other than the Sun and Moon, exceeding even the most brilliant 
apparition of Venus. Similar events were noted in 1054, in 1572, 
and in 1604. This last event was observed by Kepler, who reached 
for an explanation in terms familiar to anyone at the time, 
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pointing to the event as a possible analogue of the star that the 
Bible tells us shone over Bethlehem.

That 1604 supernova is still the most recent to have been 
observed within the Milky Way; centuries of instrumental advance 
since the invention of the telescope have been denied the chance to 
study such an event close up. The closest we’ve come is a 1987 event 
in the Large Magellanic Cloud, the largest of the Milky Way’s sat-
ellite galaxies, which was brilliant enough to be seen with the 
naked eye and was observed with every instrument available.

Supernovae are, though, powerful enough to be seen in dis-
tant galaxies. Most such events mark not the birth of a new star, 
but the death of an old one much more massive than the Sun. 
Most stars spend most of their life converting hydrogen to 
helium, before moving through stages where they burn heavier 
and heavier elements, all the way up to iron for the most massive 
stars. When such a star runs out of fuel at its core, or when the 
temperature is insufficient to start the next set of reactions, the 
nuclear fusion that has sustained it ceases. This is a problem as 
the light produced in normal nuclear reactions will stream out-
wards, encountering atoms in the stellar atmosphere and produ-
cing a pressure which supports the star’s outer layers.

Once this radiation pressure which normally prevents gravity 
from taking its course vanishes, the star collapses in on itself. 
This dramatic event can liberate enormous energies; a typical 
supernova shines with a hundred billion, billion, billion, billon 
watts. I don’t have a good comparison for this, but it’s enough to 
match the power produced by all of Earth’s power stations for at 
least a couple of billion years, or by more than a billion billion 
suns; at its peak a single supernova will easily outshine the col-
lective might of an entire galaxy’s stars.

It’s this brightness that means that supernovae can be seen 
from distant galaxies, and that makes them extremely useful. 
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One particular kind of supernova, which astronomers call ‘type 
1a’ supernovae, can be used to measure the expansion of the 
Universe itself. These rare events have a slightly more compli-
cated story than most, being the product of two stars rather than 
one. The most likely scenario for the formation of a type 1a 
supernova starts with a binary system consisting of a pair of 
 Sun-like stars.

Normally, stars the size of the Sun don’t go supernova. When 
hydrogen is exhausted at their cores, they can begin burning 
helium. When this happens, the equilibrium between gravity 
and the pressure pushing outwards is disturbed, and the star will 
expand to become a red giant. The core’s helium too will eventu-
ally be exhausted, and the star will shed its outer layers, produ-
cing at the end of its life nothing more than a transient, if 
beautiful, planetary nebula from the gas lost in these outer layers 
and the dense, cooling remnant of the core known as a white 
dwarf. Left to its own devices, such a relic would cool slowly; 
nuclear reactions will have ceased.

In a binary system, a more interesting future is possible. The 
more massive of the two stars will undergo evolution as normal, 
ending up as a white dwarf. If the second star enters a red giant 
phase and is sufficiently close to the white dwarf, material may 
be pulled by gravity from the still-shining red star onto the sur-
face of its dead companion.

At first, not much happens, but as the mass of material accu-
mulating on the surface of the white dwarf increases there will 
come a point where it will reignite, and the star will, briefly, shine 
brightly once more. This isn’t a slow and stable process, but 
rather a chain reaction in which all the accreted material rapidly 
becomes involved. From almost nothing, the star will shine more 
brilliantly than it ever has before, appearing just for a short time 
as a spectacular supernova.
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What’s more, the timing of this runaway nuclear reaction 
will mostly depend on how much fuel has built up; there will 
be a common mass required to ignite new reactions whenever 
and wherever in the Universe this happens. That means that 
whenever a type 1a supernova explodes, it will do so with the 
same brightness, shining out into the Universe with a standard 
luminosity.

In the few sentences above, I’ve ridden roughshod over about 
twenty years’ worth of work of many of my colleagues. While 
type 1a supernovae are always roughly the same luminosity, 
exactly how bright any particular supernova will be depends on 
many different factors, including the composition of the material 
involved. Luckily, by looking at the details of how the supernova 
brightens and fades, we can adjust (we think!) for most of these 
effects.

Astronomers like such objects. If you know how bright some-
thing really is (how luminous it is), and can measure how bright 
it appears, then you have a measure of distance. If I told you that 
I was holding a lamp containing a sixty-watt light bulb, you’d be 
able to hazard a sensible guess as to whether it was a metre or a 
mile away from you. Such ‘standard candles’ are the main tools 
by which we measure distances; the Cepheids discussed in 
Chapter 2 are a famous example. Type 1a supernovae are merely 
the latest in a long line of such objects, but they are especially 
valuable because of their great luminosity. Once astronomers 
had captured enough of them it turned out they had a surprise 
for us.

Two big research efforts in the 1990s set out to systematically 
discover and then follow up these supernovae for cosmological 
purposes. One was led by Saul Perlmutter in Berkeley, and the 
other by Adam Riess at Johns Hopkins and Brian Schmidt at the 
Australian National University, though like much of today’s 
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astrophysics there were large teams at work in both cases. The 
idea was to measure enough distant type 1a supernovae to get a 
sense of how the expansion of the Universe was changing.

Hubble’s constant—the speed of expansion of the Universe—
isn’t really a constant. The speed of expansion has been changing 
since the beginning, affected, for starters, by gravity. The pull 
of the matter in the Universe acts as a drag on the universal 
expansion, and so both teams of supernova hunters expected 
to be measuring a slowing down of this expansion.* Instead, 
they found a remarkable, deceptively simple result. To their 
great puzzlement and surprise, both groups found that many 
of the type 1a supernovae were fainter than expected. Stranger 
still, the effect increased with distance; the further away a 
supernova was, the fainter it was compared to the expected 
brightness.

This sounds like it should be some systematic effect, rather 
than anything real. For a while, plenty of people believed that the 
results could be explained by light being affected by its passage 
towards us, perhaps absorbed by dust, but observations of super-
novae at different wavelengths ruled that out. Remember, too, 
that when we look deeper into the Universe, we’re looking back 
in time, covering billions of years of history. Maybe type 1a super-
novae were different back then. Certainly, the stars which create 
them will have been different from those around us today, hav-
ing formed from pristine material produced in the first few min-
utes after the Big Bang which is almost entirely hydrogen and 

* The technical details don’t matter too much here, but the secret is to meas-
ure the distance to the galaxy hosting the supernova in two ways. Measuring the 
apparent brightness of the supernova is one way, but we can also measure the 
redshift in the light from the galaxy caused by the expansion of the Universe 
while it was en route. Combining the two for supernovae at different distances 
gives a measure of how the expansion rate is changing.



From Su per nova e to Zor il l aS  159

helium; the heavier elements are all produced in stars and mixed 
back into their surroundings upon the death of the star. Early in 
the Universe’s history there just hadn’t been much time for stars 
to live out their lives and then die, and therefore pollutants such 
as carbon and oxygen are relatively rare.

We (more or less!) understand stars, though, and how this 
change in composition would affect them. No matter how  people 
tried, it didn’t seem like astronomers could get away with blam-
ing the unexpected results on stellar properties. Lots of careful 
work instead led cosmologists to a more radical conclusion. The 
supernovae, it seems, are fainter than expected because they 
really are further away than expected. The expansion of the 
Universe has sped up during the time that light has been travel-
ling from these distant events to Earth. Instead of the universal 
expansion slowing down under the influence of gravity, it is 
speeding up.

To say this is confounding is to understate the case. We need 
some sort of ‘anti-gravity’ capable of acting on the largest of 
scales and speeding up the expansion. Worse, the measurements 
from large surveys of type 1a supernovae, alongside many other 
strands of evidence suggest that this anti-gravity is utterly dom-
inant, accounting for about 70 per cent of the energy (more tech-
nically, the energy density) in the Universe today. This accelerating 
force has come to be known as ‘dark energy’, presumably because 
we need a name as confusing as the thing itself (I don’t know 
what it means for energy to be ‘dark’), and understanding it is, in 
my opinion, the largest outstanding problem in physics.

I admit that the quest to reveal the nature of dark energy is a 
long way from everyday concerns, but the entire fate of the 
Universe depends on it. Its influence increases as the Universe 
gets larger, which means that because of dark energy the accel-
eration we observe today will continue. Rather than collapsing 



160  From Su per nova e to Zor il l aS

back in on itself towards a Big Crunch,* or slowing its expansion 
as it approaches some maximum size, the Universe will continue 
expanding forever.

While this seems cheering at first, what we face on a cosmic 
scale is a long, sober, and increasingly dull retirement. More stars 
are now dying than are being born each year, and as the expan-
sion continues we will eventually reach the moment when the 
last star is born. All that remains after that is the long, slow dying 
of the light as first the most massive and then the smaller stars die 
one by one, their lights extinguished. Our Universe’s far future 
contains nothing more than an ever-expanding sea of radiation.

Worse, from an astronomer’s (admittedly long-term) point of 
view, is the fact that the acceleration due to dark energy pushes 
objects over the cosmic horizon; the proportion of the Universe 
which we can see is decreasing due to the increased rate of expan-
sion.† So what is going on?

We don’t know. Until the discovery of dark energy, physicists 
had been content with four fundamental forces (gravity, electro-
magnetism, and the strong and weak nuclear forces), but none 
can explain accelerated expansion. A natural candidate for a 
repulsive force emerges from some of the ways that quantum 
physics describes the behaviour of empty space, but this ‘vacuum 
energy’ has to either cancel out or else have a minimum strength 
around a thousand billion, billion, billion, billion, billion, billion, 
billion, billion, billion, billion, billion, billion, billion times 
stronger than we observe. Unless something’s wrong with the 
basics of quantum theory, we can rule this out as a source of dark 
energy by observing that the Universe has yet to tear itself apart.

* I’ve always liked Douglas Adams’ suggestion that such an event should be 
called a Gnab Gib, as it’s a Big Bang but backwards.

† This is one reason why it’s important to invest in astronomical research 
right now.
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Faced with celebrating this, the largest error ever achieved by 
science, my theoretical colleagues have not been idle. There is no 
broadly accepted theory (it would be cruel but not that inaccur-
ate to say there are few detailed theories that have more than one 
or two adherents), but there are plenty of ideas. The flourishing 
of creative ideas in response to a mystery is heartening, and 
browsing the research journals you can take your pick from ideas 
that are relatively mainstream—some tweak of the vacuum 
energy, a scalar field left over from the start of the Universe—to 
the speculative. The latter possibilities are maybe the most excit-
ing, often involving a direct challenge to the foundations of 
Einstein’s general relativity and its ideas about how gravity 
works. (Not a game that traditionally ends well for the challenger, 
but I suppose there’s always some hope that this time we’ll catch 
Albert out.)

To concentrate, as a thousand articles and not a few books 
have done, on the intellectual games of theorists, no matter how 
diverting or elegant they are, is to miss the point.

One of these ideas will win out, but not because of a sudden 
theoretical breakthrough. There will be no dropped chalk at the 
end of a lecture to a stunned audience, and no one will be leaping 
out of a bath shouting ‘Eureka!’ What’s needed, desperately, is 
more data. If we knew, for example, that the strength of dark 
energy was changing over time, that would rule out many of the 
available theories and give researchers something to aim for. 
What’s more, the observational route to this is clear. What we need 
are more supernovae. The discovery of more distant examples 
would mean that we could compare the past effect of dark energy 
with present-day values, and the discovery of more nearby explo-
sions means that we can take better account of systematic effects.

This search has recently become even more important. Just as 
it looked like the results from many different cosmological 
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probes were converging on a single solution to the parameters 
that control the Universe’s evolution, an intriguing set of results 
suggest we might not be done yet. Measures of Hubble’s con-
stant- the rate of expansion of the present day Universe made 
with supernovae are giving a higher answer to those derived 
using methods which depend on measurements of the cosmic 
microwave background, which suggest the Universe is expand-
ing more slowly. In a well-behaved Universe, the two should 
agree with each other, so this is puzzling.

It could be that there’s nothing to worry about. The difference 
is small enough that the ‘tension’, as it’s coyly termed, could just 
be due to chance, similar to flipping a coin and getting three 
heads in a row. In such circumstances, it’s probably premature to 
conclude that the coin is biased towards heads. In the case of 
these separate measurements, there seems to be a little more 
than a 1 in 100,000 chance of the difference being a coincidence; 
not enough for scientists to be sure that’s it’s real, but certainly 
enough to worry about. Whole conferences have now been 
 dedicated to the problem, and both groups—those that study 
supernovae and those who stare at the cosmic microwave back-
ground—are adamant that there’s no simple explanation. Either 
we don’t understand the early Universe properly, or something is 
seriously wrong with our cosmological models, or supernovae 
are odder than we think.

All of those possibilities are exciting, and in each case we need 
more data, and so both understanding this intriguing result and 
getting a critical clue to the nature of dark energy—the key prob-
lem in twenty-first-century physics— depends on our ability to 
find changes in the sky. We’ve already seen that finding planets—
and maybe (though probably not) aliens—is essentially a prob-
lem of watching things change. So is keeping the Earth safe from 
killer asteroids, or detecting the relics of the earliest days of the 
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Solar System that lurk beyond Pluto. Our understanding of stars 
(and whether they can support planets with intelligent life) 
depends on understanding their variability; the Sun has sun-
spots, and some other stars at least have starspots. And it’s not 
too much to hope that one day soon we might watch the centres 
of nearby galaxies flicker as material falls into their central black 
holes.

Given this long to-do list, it’s not surprising that telescopes all 
over the world are being converted to look for new transients. 
There is hardly a modern survey that doesn’t have looking for 
changes in the sky as at least one of its goals, but to do the job 
properly dedicated facilities are needed. Optical systems need to 
be stable to allow images taken days, months, or even years apart 
to be compared, and instruments on the look-out for changes 
need to have as wide a field of view as possible. In the most 
extreme cases, cameras and computers might need to work fast 
to trigger alerts so that other telescopes can follow up on 
 discoveries.

To get an idea of what a modern transient-hunting machine 
might look like, you could travel to a hitherto obscure peak in 
the Atacama Desert in northern Chile. The desert has long been 
recognized as one of the best places on Earth for observatories, 
high above the often cloudy coast but lower than the snowy 
peaks of the Andes. Look at a satellite photo of the area, and the 
most typical sight is a clear strip between two belts of cloud, and 
it’s here that many of the world’s largest telescopes are placed. 
On a mountain called Cerro Pachón, construction of a new eye 
on the sky is underway.

This is the Large Synoptic Survey Telescope, or LSST, whose 
mirror I encountered earlier in the University of Arizona’s sur-
real football stadium-based mirror lab. Staring at a distorted ver-
sion of myself in the newly shiny surface, it was hard to imagine 
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that it would ever get anywhere near being ready to ship data to 
the world’s astronomers, but now first light—the moment when 
the first pictures of the sky are taken—is just around the corner. 
The initial images with a temporary, commissioning camera are 
due in 2021, and the survey proper will start, all being well, in 
2023.

It’s hard for me not to be slightly scared by the prospect. The 
roots of the LSST project go back almost two decades, when the 
first plans for such a telescope were hatched. Even then, it was 
clear that for all the clever optics, the biggest challenge would be 
dealing with the data such a survey would produce. After full 
operations start, LSST should produce about thirty terabytes of 
images a night, more each night than the Hubble Space Telescope 
produced in its first fifteen years. That’s just the static images, 
though, and it’s the numbers of expected transients which are 
which are truly frightening.

Nothing like LSST has ever been built before, so predictions 
are uncertain, but subscribing to a service that provided a text 
message every time LSST detects a change would leave you 
waking up to at the very least a million text messages every 
clear night. Most would be routine changes—viewed with a 
telescope as large as LSST, a very large number of stars will vary 
in brightness—but hidden in the stream will be everything you 
can imagine. If type 1a supernovae are your thing, there will be 
plenty hidden in the data if you can only find them.

One solution is to depend on machine learning. Scientists all 
over the world are preparing ‘brokers’, little software helpers 
which will listen to the great stream of data flowing from the 
observatory and shout loudly when they spot something inter-
esting. For the most interesting or useful transients, I suspect 
we’ll see competing brokers from different teams, announcing 
the highlights from LSST’s transients, either loudly to their world 
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or more quietly to their creators. Like an electronic version of an 
old trading hall, the advantage will accrue to those who can best 
filter information or make sense of the cacophony.

Not all those acting as brokers will be machines. Where there 
is a wealth of data to be organized and sorted, the experiences 
recounted earlier in this book have taught me that there might be 
a place for citizen science; the Zooniverse hosted its first super-
nova-hunting project back in 2010. The data rate, provided by a 
reconditioned telescope on Palomar Mountain in California now 
pressed into service as the Palomar Transient Factory, was a little 
more tractable, but the principle was the same. The telescope 
scanned the sky, and a computer checked each night’s images 
against a set of standard images. The few thousand such candi-
dates a night were uploaded to our website, and a dedicated band 
of a few thousand volunteers jumped onto a dedicated website 
each day to sort through them.

They were fast, collectively analysing a night’s worth of data in 
just fifteen minutes, and they were accurate. We were able to 
broadcast their classifications to observers stationed around the 
world, and add newly confirmed supernovae to the cosmological 
harvest. As the survey progressed, though, these classified super-
novae also provided new training data for use by would-be 
supernova-hunting robots. Eventually, an extremely bright stu-
dent in Berkeley, California produced a trained machine-learning 
solution that performed accurately enough to satisfy the astron-
omers running the survey, and as they preferred clinical algorith-
mic precision to messy and confounding citizen science our 
project was no more.

I’ll return to this project later, as I think the experience of the 
volunteers who took part has much to tell us about the future of 
citizen science in general. For now, though, let’s continue to 
think like transient-hunting scientists, and worry about getting 
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hold of as much data as possible. Proof that relying solely on 
their machine was a mistake arrived at Earth on 21 January 2014, 
and was first announced by an unusual team from a truly unlikely 
place.

London is a terrible spot to put an observatory. If you had to 
pick a site among the glitz and glare of the brightly lit metropolis, 
the very worst place would be in the centre of the West End. The 
second worst, though, would be along one of the capital’s main 
roads—alongside the A1 as it cuts through built-up North London, 
for example. Yet if you drive north on the A1 and look left just at 
the right time somewhere in Edgware, you’ll spot the gleaming 
domes of the University of London’s Mill Hill observatory.

It’s a long way from a pristine Chilean mountain top, but that’s 
OK. The observatory exists primarily as a teaching tool, giving 
students on astrophysics courses at University College London 
experience in carrying out astronomical observation and data 
reduction. While the largest telescope is still the beautiful 
Radcliffe refractor, now more than a century old, it’s the modern 
telescopes clustered around it that get the most use.

Back on that fateful January night, Steve Fossey—doyen of the 
observatory’s teaching labs since well before I was a PhD student 
at University College London—was scheduled to give a practical 
introduction to the telescopes to a bunch of undergraduates. 
Light pollution isn’t the only problem with the site, though, and 
clouds closed in overhead as the session was getting going. As the 
students took a break with pizza, Steve slewed one of the smaller 
telescopes over to one of the last clear patches, a region in Ursa 
Major that contains the nearby galaxy M82.

M82 is known as the cigar galaxy—it is a spiral viewed almost 
edge on, presenting itself as a thin needle of light on the sky. As 
that night’s image appeared on the screen, Steve noticed a new, 
bright star located at one end of the disc, something that  definitely 
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wasn’t in archived images of the same galaxy. From eating take-
away pizza, four students—Ben Cooke, Guy Pollack, Tom 
Wright, and Matt Wilde—were suddenly following up on what 
proved to be the supernova discovery of the twenty-first century 
so far. The clouds were closing in, and the students and Steve 
rushed to get confirmation images using filters that exposed the 
camera to different colours. Clinching evidence came when they 
used a second telescope on the site to take an image of the same 
galaxy, and saw that the supernova was still there. It wasn’t an 
instrumental error, or something weird happening in the cam-
era; it was real (Plate 9).

From there things moved fast. The standard procedure is to 
report such a discovery to the wonderfully named Central Bureau 
for Astronomical Telegrams in the US, who announced the dis-
covery to the world. Within hours of the initial discovery, tele-
scopes around the world had observed what the University 
College London team had found, confirming that supernova 
2014J (as it was now known) was not only real but a type 1a. The 
opportunity to study this most important type of explosion up 
close—or at least at a distance of only eleven and a half million 
light years—was unprecedented, and it became one of the most 
observed objects of the twenty-first century.

The discovery of such an object by pizza-munching students 
is a great story, and it was wonderful to see Steve’s sharp eyes get 
some recognition, but the truth is that they should never have 
had a chance. Automated surveys had caught the supernova 
before it was observed in London, but the routines used to scan 
for interesting transients didn’t catch it and so didn’t sound the 
alarm. This seems odd. The supernova is incredibly obvious in 
images—it’s the bright star that wasn’t there in 2013—but this is 
only true for human observers. My guess is that the training sets 
used to send machines hunting for transients didn’t include 
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 anything this bright, and so the computers had ‘learned’ that 
anything that obvious couldn’t possibly be real. And so the 
supernova remained unfound.

There are, to my surprise, at least ten images of the M82 super-
nova from before the discovery, including some from amateur 
astrophotographers who either didn’t process their data straight 
away or who didn’t know the galaxy well enough to recognize 
that the star was new. Mostly it was the former; even amateur 
astronomers with (advanced) backyard telescopes now leave 
looking at the images to the daytime rather than viewing them as 
they come in. Such images are, after the fact, still incredibly use-
ful; it turned out that the rise to peak brightness was more rapid 
for this event than normal, indicating some unexpected process 
at play, a result that is still causing debate among experts.

One of the surveys that imaged M82 during the period when 
the supernova was visible but not yet known was the Palomar 
Transient Factory which fed data to the Zooniverse’s supernova 
project. Had our supernova project still been operating I’m sure 
we would have caught it, and quickly. There is, of course, no real 
impediment to adapting the machine-learning routines used to 
include objects like this one; if I’m right that it was the bright-
ness that made it difficult, one could simply train on as many 
bright supernovae as necessary. (If there are enough examples 
in both the Universe and our survey of it, that is. I’ll talk about 
truly rare objects a little later.) The point, though, isn’t that one 
couldn’t possibly have designed a system which wouldn’t have 
failed in this way, it’s that no one did. When dealing with a com-
plex problem, and real, messy, noisy data, anticipating every 
possible eventuality is difficult. Ensuring that every case is 
covered, every loophole closed, and every unusual object antici-
pated is impossible. Preparing a training set that reflects reality 
is next to impossible.
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We could continue to bet on improvement in machine learn-
ing. We might have missed this supernova, for example, but there 
will be others. Certainly there’s plenty of research funding going 
into making such systems work better. I prefer, though, to 
acknowledge the limits of any system we build and look to com-
bine the best of automated scanning, which brings speed and 
consistency, and the quirky responses of adaptable citizen scien-
tists, capable of going beyond their training.

To understand how this might work in practice, we’ve recently 
revived supernova hunting as a sport at the Zooniverse. This 
time the data comes from Pan-STARRS, a camera and telescope 
which sits on top of Mauna Kea and which was built to hunt for 
asteroids. It does a pretty good job of looking for supernovae 
along the way, and once a week we release a week’s worth of data 
to a growing community hungry for discovery. The set-up is 
even simpler than before: after reviewing a few example images 
we simply ask volunteers whether a new discovery looks like a 
supernova.

This time, though, there’s a machine running in parallel. It was 
built by Darryl Wright. Darryl’s now part of the Zooniverse team 
at the University of Minnesota, but when he was a PhD student 
working with the Pan-STARRS team at Queen’s University in 
Belfast he was asked to review candidates by eye himself. Instead, 
he took an online course in machine learning and ended up 
training a neural network to classify the things instead. With the 
new project, we could compare Darryl’s machine’s performance 
with that of the volunteers, and work out which was best.

Once we agreed what ‘best’ was, that is. As in the penguin-
counting example, it’s a nebulous concept, and how one might 
use it probably depends on what kind of science you’re trying to 
do. If you want to make a detailed study of only a few supernovae 
with the largest of telescopes, then who cares if you miss most of 
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them—all you should watch for is the accuracy of those that you 
do capture. An inaccurate classification will cost you valuable 
observing time and earn you the wrath of other astronomers 
who want the telescope for themselves. On the other hand, if 
you’re trying to understand the properties of a population of 
objects, then you might not care if one or two false alarms sneak 
through, and would accept lower accuracy in exchange for catch-
ing more of the supernovae in your net.

This is a common trade-off in this sort of classification prob-
lem, but it turned out not to matter too much. We quickly found 
that for almost any realistic case, combining human and machine 
classifications outperformed any result provided by each alone. 
Working alongside our robot friends makes us more productive, 
but input from humans also helps them get better at classifying.

The really great thing about this result is that there’s nothing 
especially clever about it. The citizen science project asks a simple 
question to a small group of volunteers, and we’re not doing any 
sophisticated data analysis, just believing that the majority of 
people who answer a question get it right. On the other hand, 
because we have a crowd of enthusiastic volunteers at hand, Darryl 
and his colleagues are freed from trying to do anything especially 
novel with machine learning. Picking the right machine for the task 
is important, and so is making sure you understand what it’s doing 
and how it can best be trained, but that’s a long way from needing 
to explore the bleeding edge of the deep-learning revolution.

This approach works well when we’re hunting for objects 
which are relatively common. Supernova hunters should expect 
to be successful, at least with modern data sets where the tele-
scope and camera are understood well enough to avoid too many 
false positives sneaking through. But there are plenty of prob-
lems in astronomy where a successful end to even a dedicated 
hunt will be a rarity.
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Planet hunting is one example, though here too some judi-
cious filtering can help. But some objects just are intrinsically 
rare, and will only rarely be stumbled across. Perhaps my 
 favourite of these rarities are gravitational lenses, the result of 
Einstein’s theory of general relativity and a cosmic coincidence.

Gravity, Einstein’s theory tells us, is nothing more or less than 
a geometrical effect. In other words, we feel gravity because of 
the bending of space by mass. This in turn means that anything 
passing through space near a massive object will find itself 
deflected because instead of travelling through flat, empty space 
it will find itself on a curved trajectory. This rule applies regard-
less of the mass of the moving object, and even to light. So a key 
prediction of the theory is that light rays will be bent by passage 
around a massive object, a fact famously used by Eddington to 
carry out one of the first serious tests of relativity by recording 
the positions of stars visible near the disc of the Sun during the 
total solar eclipse of 1919.

(Two points of pedantry. First, it is possible with some assump-
tions to derive a light-bending effect from Newton’s theory of 
gravity, and this was done long before Einstein came along. The 
magnitude of the predicted distortion is different though, and 
Einstein turns out to be right. Second, there’s some modern grip-
ing about whether Eddington’s results were actually accurate 
enough, given challenging weather and difficult conditions on 
his eclipse expedition, to provide a sensible test of relativity. Press 
coverage from the time, though, shows that whatever the reality 
this experiment was perceived as important and as elevating 
Einstein above Newton.)

The idea that our images of distant sources might be distorted 
by gravity was little more than a curiosity until large and deep 
surveys of galaxies got going. In just a few places in the Universe, 
the distribution of galaxies is such that a distant system will lie 
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almost precisely behind another, nearer galaxy or cluster of gal-
axies as seen from Earth. When that happens, the light from the 
more distant system will be bent by passing the closer system. 
The effects depend on the exact geometry. If the alignment is 
exact, we end up with four identical images of the distant system, 
one on each side of the nearest system. This is an Einstein cross, 
and a handful of these remarkable systems are known.

More commonly, the alignment isn’t quite right. The more dis-
tant object might be slightly displaced from the line of sight, or 
the internal structure of the nearer object will distort the light. 
What you see then is a smeared-out image of the distant system, 
often magnified by the lensing effect of the process. Gravitational 
lenses like this act as nature’s telescopes, allowing us to see dis-
tant galaxies which would otherwise be invisible, though as their 
optics are imperfect the resulting images are distorted.

Even better, their blurry images contain information. The 
degree of bending of light depends on the amount of mass 
 present in the lens, and on its distribution, and so we get to ‘weigh’ 
the objects involved through careful modelling. Sometimes 
amazing things happen—take the Einstein cross known as 
MACS J1149.6+2223, which has four images of a galaxy whose 
light has taken over nine billion years to reach us lensed by a sys-
tem some four billion light years away. A single supernova has 
been observed in this galaxy not once but four times, once in 
each image. In other cases, there are time delays between the 
appearance of such supernovae caused by the different lengths 
of the paths that the light in each image takes to reach us.

I find these results astounding. The idea that we can see some-
thing that far away, apply knowledge of the Universe and its con-
stituents that is good enough to understand why we see this 
apparent repetition, and then use that knowledge to understand 
more, is the kind of thing that got me hooked on astrophysics, 
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and on observational science. Gravitational lenses are amazing, 
and yet only around a thousand of them are known after years of 
searching.

It’ll be no surprise by now that astronomers want to find more 
of these things, and that LSST has searching for such lenses as a 
core part of its programme. It’s probably not a surprise either 
that there’s a citizen science project to help, especially as with 
only a small number of examples available machine learning is 
going to struggle to help. SpaceWarps, the Zooniverse pro-
gramme aimed at searching for gravitational lenses, has been 
hugely successful.

My favourite of its discoveries was found nearly live on TV, as 
part of a collaboration with Brian Cox, Dara O’Brien, and the 
team behind their fantastically successful Stargazing Live show 
which once a year takes over prime-time BBC TV for three nights 
of astronomical chatter. The topics chosen are usually pretty ran-
dom, but for the last six runs of the programme we’ve persuaded 
them to ask their audience to help us with a citizen science  project.

The pace of these projects is always exhausting. Television is a 
strange world, and live television an even stranger one. The pro-
gramme was based for many years at Jodrell Bank, still home 
more than sixty years after its foundation to the third-largest 
steerable radio telescope in the world. A crew of more than fifty 
people is needed to transform this working observatory into a 
television studio, with lights and camera needing to be rigged in 
the most unlikely places before any action can be broadcast to 
the outside world. Add in the vagaries of the British weather and 
the logistics become nightmarish.* None of it makes for an ideal 

* The most recent BBC Stargazing went to Siding Spring Observatory in rural 
Australia in an effort to escape Manchester weather. It got hit by the tail end of a 
tropical cyclone.
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opportunity to get science done, and the Zooniverse crew usu-
ally end up shoved into a corner, craving a decent internet con-
nection to the outside world.

Over the years, thanks to Stargazing Live, we’ve found planets, 
studied Mars, and more, but with SpaceWarps we wanted to be 
still more ambitious—promoting the project on the first night of 
the show in the hope (and certainly in the expectation from the 
BBC crew) that we’d find something worth announcing forty-
eight hours later. As we set up for that first broadcast, I lost count 
of the number of people who ‘just popped in’ to ask whether we 
were really going to find something.

The chaos doesn’t die down immediately after the show. In 
talking to Brian and Dara I announced the project, and managed 
to report quickly on the flood of classifications heading our way. 
In Oxford and in Chicago our team watched as their beautiful 
infrastructure stumbled under the sheer weight of wannabe sci-
entists before recovering as somewhere in West Virginia servers 
sent image after image off to eager classifiers. Meanwhile, those 
of us at Jodrell Bank scrambled to clear the site and head back to 
the team hotel, leaving the observatory alone.

As a result, it was in the incongruous setting of a conference 
hotel bar that I found myself staring at a laptop screen bearing 
what looked for all the world like a neat red lens, an arc of light 
curving around a nearby galaxy. As producers, presenters, and 
crew waited for the adrenaline from the night’s broadcast to 
wear off, or huddled in corners to discuss scripts, my Zooniverse 
colleague Rob Simpson and I stared at the screen. We had some-
thing, but we weren’t sure what (Plate 10).

It was the red colour that was confusing. Red, in this game, 
means distant, a sign that the light that the telescope is receiving 
has been substantially stretched by the expansion of the Universe 
during its journey from source to us. If this lens was real, it was 
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clearly a distant one, a prize catch, but the colour that made it 
interesting also meant that we were suspicious of our prize.

We slept on it, but the next morning there wasn’t too much 
more to say. Sipping much-needed coffee, we started the search 
for previous observations of the new object. It turned up initially 
in a catalogue called FIRST, a map of the sky as seen by the Very 
Large Array in New Mexico. Our lens—if it was real—was emit-
ting radio waves, and this was good news. First, it made the thing 
more interesting; those radio waves must have a source, which 
meant extreme star formation or an actively growing black hole 
at its centre, both interesting things in a source as far away as we 
thought this was. Second, it meant that we could easily design an 
observation to measure the redshift and hence the distance of 
the lensed galaxy.

‘What we need’, I said to Rob, ‘is a radio telescope.’ He didn’t 
reply, but turned slowly to look out of the window. Staring back 
at us was the giant dish of the Lovell Telescope. Normally we’d 
scramble to apply for time, but the Lovell was standing unused 
thanks to the small matter of a live broadcast happening in front 
of it. Negotiations followed; Tim O’Brien, the observatory’s dir-
ector, was keen to help, and we eventually persuaded the BBC 
that they didn’t mind if we ruined their carefully planned shot by 
pointing the telescope away from the studio and towards our tar-
get. A few hours later, Rob and I danced in the pouring rain as the 
floodlit telescope turned slowly on its bearings (repurposed 
from First World War battleships) to point at a source that had 
been found less than twenty-four hours earlier.

As ever, observing is only the start of the work, and I will 
always remain grateful to the Jodrell astronomers who stayed up 
all night, working on the tricky problem of removing the distinct 
signature of a live broadcast from the data they received from 
their radio telescope. It turned out our lens was a broken ring, 
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viewed with light that had taken more than ten billion years to 
reach us. The red radio ring ended up being the target of observa-
tions with telescopes from Hawaii to Mexico. It’s magnified by 
ten times because of the lens, and seems indeed to have an 
actively growing black hole as well as being a dramatically power-
ful factory of stars. It is a glimpse of a time when the Universe 
was at its most active, a time when most stars were being born.

It’s also, and to me just as importantly, another example of the 
ability of citizen scientists to go beyond what they’ve been 
taught; despite the fact that all the examples given were blue, the 
volunteers were able to recognize this red streak as something 
worth marking. As lenses are rare things, even in the era of large 
surveys like LSST, we’re unlikely to assemble a large training set 
with which to train a lens-hunting machine; there’s progress to 
be made, perhaps, using training sets of artificial lenses, but for 
the foreseeable future this will remain a fertile hunting ground 
for citizen scientists.

What we can do is improve the odds of finding such things. 
Because the appearance of a lens is shaped by basic laws of grav-
ity, predicting what a lens around a given nearby galaxy will look 
like is a fairly simple matter. (Well, you’ll need a decent computer, 
but the principles are simple.) That meant that the SpaceWarps 
team were able to create artificial galaxies to insert into their pro-
ject. I was a bit worried about this, unsure about how our volun-
teers would react to being asked to classify ‘artificial’ data (we 
were careful not to call them ‘fake’ lenses).

We needn’t have worried. The fact that for these galaxies we 
knew what the ‘right’ answer was meant that we could give volun-
teers feedback, which they craved. While anyone taking part in 
the project had overcome at least some of the barriers to think-
ing of themselves as scientists, the odd pop-up confirming that 
they had the right idea turned out to be extremely welcome. 
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After all, even the most confident of us need reassurance that 
we’re carrying out a task well every so often.

The real innovation, though, was that we could measure how 
people were doing. The SpaceWarps team can measure the skill 
of their volunteers, which they define as the average quantity of 
information provided by a volunteer presented with a random 
image from those available to be classified. I’m deviating slightly, 
deliberately, from the language the project team themselves use 
here. They’re an exceptionally thoughtful and careful bunch, and 
Phil Marshall in particular—one of the three leading scientists 
alongside Aprajita Verma and Anupreeta More—is one of the 
nicest people you could ever hope to meet. As a result, the idea of 
labelling volunteers, in all their human complexity, with a rating 
derived from nothing more than a few clicks on a website was 
anathema to Phil. In all the team’s papers, therefore, they set up a 
system where they represent each volunteer by an ‘agent’. An 
agent is a representation of the volunteer, but necessarily an 
imperfect one, as the agent knows only about the volunteer’s 
behaviour within the project. We can then label the agent, know-
ing they are a poor reflection of their human counterpart. I’m 
less fastidious, and am happy to trust that you know I’m not 
really reducing people in all their glorious complexity to their 
performance in one project.

This sort of analysis is useful for checking on the progress of 
the project; looking at the distribution of skill one sees that the 
average volunteer is pretty good. While both the highly skilled 
and the more confused contribute a few classifications, those 
who go on to contribute tens of thousands of classifications are 
all highly skilled. This data alone doesn’t tell you whether people 
are learning as they go, so that their skill inevitably improves 
over time, or whether those who are struggling are simply giving 
up, but it does show that we’re not wasting people’s time.
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The real power comes when we move beyond this simple, 
single value. The SpaceWarps model sets up what’s known as a 
confusion matrix for each volunteer, keeping track of four key 
numbers. For each contributor, we estimate first the probability 
that they will say that there is a lens when there is indeed one 
there; second, the probability that they will say there is a lens 
when there isn’t; third, the probability that they’ll say there is 
nothing there when there isn’t; and finally (deep breath) the 
probability that they’ll say there’s nothing there when there is 
indeed a lens.

Armed with this information, we can find ways to get more 
knowledge out of the system. There are four kinds of volunteer 
to consider. There are those who are always, or nearly always, 
right; the SpaceWarps team called these ‘astute’ volunteers, 
and they are very welcome in any project. There are also those 
who are always wrong, who miss lenses when they’re there 
and who see them when they’re not. These people are just as 
useful—someone who is wrong all the time provides just as much 
information as someone who is right all the time, as long as you 
know that they’re wrong.* So because we’re able to use the 
simulations to measure how people are doing, we can increase 
the amount of useful information we can get from the project.

There are two more categories of people. There are optimists, 
who see a lens where there isn’t one but are reliable when they say 
there’s nothing there, and pessimists, who miss lenses but are 
accurate when they do identify one. Once we’ve spotted someone’s 
proclivities, we can work out how seriously to take their opinions, 
but we can also start to play games with who gets to see what. 
Before we throw away an image, confident that there’s nothing 
there, then perhaps we should make sure to show it to an optimist, 

* You may find this a useful strategy for life in general.
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just in case. If we think we’ve found a lens, then we should show it 
to a pessimist—if even they reckon there’s something there, then 
our confidence should grow sky high that we’re on to something. 
Playing with task assignment in this way promises much more effi-
cient classification, and more science produced more quickly.

The only trouble is that this gets complicated fast. With tens of 
thousands of people participating in even a small project, and 
hundreds of thousands of images to view, the number of possible 
solutions is unbelievably large. Even when we consider that our 
choice is restricted by the fact that not everyone is online at the 
same time, complex mathematics is required to work out what a 
sensible path is. Work by Edwin Simpson of Oxford University’s 
Department of Engineering showed quickly that clever task assign-
ment could produce results of the same accuracy with nearly one-
tenth of the classifications, an enormous acceleration and one that 
is especially welcome when looking for the rarest of objects.

SpaceWarps is among the most sophisticated Zooniverse pro-
jects in how it treats its data, and in offering a faster route to sci-
ence it seemed to be a template which we could apply in all of the 
other fields that we’re working on. Plenty of work on this sort of 
task assignment has been done by researchers in a field of com-
puter science known as human–computer interaction, typically 
using Amazon’s Mechanical Turk system to connect researchers 
with those who will complete tasks for small payments.

Yet things aren’t so easy with citizen scientists who are them-
selves volunteers, and a simple experiment with a project we ran 
called Snapshot Serengeti shows why. Whenever I lecture on the 
Zooniverse, one of the most common questions is whether we 
really need humans given all the progress in machine learning. I’ve 
hopefully dealt with this already, but the disease seems  especially 
acute around projects like this one, which uses motion sensitive 
cameras to monitor wildlife in the Serengeti National Park.
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The images the cameras produce are wonderful, beautiful, and 
varied. Some would easily grace the cover of National Geographic, 
while others are more quirky. The team’s favourite comes from a 
camera programmed to take three photos in quick succession 
once triggered. The first of this particular sequence shows a 
hyena staring at the camera as the flash goes off. The second 
shows the same hyena skulking innocently in the background, 
but the third shows some sharp canines and the inside of the 
hyena’s mouth. Apparently getting chewed by the local wildlife 
was a common end for the project’s cameras (not a problem 
Penguin Watch faced in Antarctica), and elephants using camera 
stands as scratching posts didn’t help either.

Despite the immense variety in what the project’s cameras 
capture, there seems to be something about the task of identi-
fying animals in images that seems to convince people they can 
quickly write a script or produce an off-the-shelf machine-
learning solution that will solve the problem. It turns out it’s 
harder than it looks. While we’ll share our data with anyone 
who wants it, no one’s yet come up with a completely robust 
solution yet. I have a soft spot for the attempts of a team we 
worked with at the Fraunhofer Institute in Munich (home to the 
inventors of the MP3, the format which encodes music on your 
phone and other digital devices) who developed an especial dis-
like of ostriches, which thanks to their bendy necks and bandy 
legs turn out to be able to twist into a computer-defying set of 
shapes.

Nonetheless, some tasks are definitely easier than others. 
Wildebeest are common enough to trigger complaints from 
regular classifiers, and so building up a suitable training set for 
them will be easier than, for example, doing so for the small, 
skunk-like zorillas which appear in one in every three million 
images (Figure 22). Easiest of all, though, is to identify the images 
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with precisely zero animals in them at all.* Almost three-quarters 
of the data consisted of such images; either a camera would mal-
function, and take image after image of nothing until its memory 
card was used up, or waving grass would do a good enough 
impression of a passing lion that it too would be captured.

We know that volunteers care about getting science done, and 
we hate wasting their time, so removing these animal-free images 
was an obvious thing to do. What happened next was surprising. 
As volunteers saw more and more images with animals in, the 
total number of classifications the project received dropped. 
People might like contributing to science, but in trying to make 

* Notice I do not, as I would have done once upon a time, call these ‘blank’ 
images. I was cured of that when speaking to a room full of plant scientists. 
Pointing at an image of a tree and grassland, I confidently told them there was 
‘nothing there’ and saw the audience rise up as one. Apparently they call it plant 
blindness.

Figure 22  A rare image of a zorilla as captured by the Snapshot Serengeti 
cameras.
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it faster for them to do so we’d done something that made the 
experience less pleasing, and we weren’t quite sure what it was.

One theory suggested that there was a total amount of work that 
people would be willing to invest in the project. It’s faster and easier 
to say that there is nothing in an image than it is to distinguish a 
Thompson’s from a Grant’s gazelle, and so maybe by giving them 
more to do we were using up people’s effort faster. I don’t think that’s 
the right explanation; we know that all else being equal encounter-
ing an animal in Snapshot Serengeti made people more, not less 
likely to keep classifying, and so it seems to me that we would be at 
least as likely to encourage as discourage people from classifying.

Instead, I think we’d changed how exciting the project seemed 
to people. Whereas before they’d seen nothing, then nothing, 
then nothing again, nothing again, and then suddenly a zebra, 
now they endured the apparent tedium of zebra followed by 
zebra followed by wildebeest followed by yet another zebra. 
While almost all the research on how to assign tasks for effi-
ciency uses paid subjects, who can be assumed to stay put regard-
less, our volunteers are free to walk away at any point. By trying 
to make things better, we made their experience worse. The 
choice between getting more science done and providing ‘fun’ 
online is stark, even with such a simple experiment.

This, of course, won’t be a surprise to any game designers who 
are reading. Since the first computer games bleeped their way 
into our collective consciousness in the 1970s and 1980s, players 
have been participating in an enormous collective experiment to 
find what will keep us clicking. While almost all games pay atten-
tion to this, it’s most obvious in simple phone games that occupy 
so many commutes, most of which are optimized to produce 
just the right level of micro-excitement to keep us clicking. I 
don’t mean to sound snobbish about this, not least because I’m 
currently about 500 levels into something called Two Dots. We, as 
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humans, are just wired to respond in this way, and we behave as 
if we’re playing games even when it’s not deliberate. In the early 
days of Galaxy Zoo, lots of people told us that their experience of 
classifying galaxies was like eating crisps; you don’t mean to have 
just one more, but you do, again and again and again, rewarded 
with the next image each time you click on a galaxy.

The implications of this seem obvious. For all that Zooniverse 
projects are scientific projects, they are also experienced as 
games. We could, perhaps, make them much more popular by 
manipulating the data so that a suitable fraction of animal-free 
images were served without worrying about whether such classi-
fications were useful. We might take the most spectacular images 
and make them appear more frequently, even if we already know 
what they show, making further classification redundant. If 
manipulating the data this way makes for more classifications 
and hence more science overall, then perhaps there’s no harm.

Plenty of projects have taken this route, and walked much fur-
ther along it than we have. It feels like an obvious choice. If  people 
like playing games, and are willing to contribute their time to do 
science, then a game that lets you contribute to science feels like 
the best of both worlds. But this feels like a step too far for me. 
Our participants take part because they want to contribute to 
science; it feels wrong to feed them images that we don’t need 
help with. This kind of dilemma will only become more acute 
once machines start picking up more of the slack, and we start 
deciding what is really worth sending to classifiers.

At the end of the book, I want to use these ideas to talk about 
where citizen science is going. First, though, I need to tell you 
about what has clearly become the real strength of public 
 participation in Zooniverse projects—the ability to find the truly 
unexpected, and to uncover stories of objects which would 
 otherwise remain forever hidden from view.
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In SpaceWarps and other projects, it’s clear that people, unlike 
machines, cope well with the unexpected. The example of the 

red-lensed galaxy shows that nicely, but it’s a risky argument. As 
training sets become larger, it’s going to become harder to sur-
prise a machine, and so taking this to its logical conclusion one’s 
left with a vision of the citizen scientists of the next decade being 
chased from task to task as machines improve. Hunting the rar-
est of objects might still be a useful occupation, but the oppor-
tunities to make a real contribution will become scarce. Given all 
the good that comes from projects that offer everyone a chance 
to help science, that would be a shame.

It’s premature, I believe, to declare Zooniverse-style citizen 
science a passing phase. There is a more interesting future in 
store—one in which the line between the work done by ama-
teurs and professionals, and between the amateurs and the pro-
fessionals themselves, blurs still further. Evidence for this future 
is found in stories from many projects, in discussions that spring 
up around the unusual and the unexpected. I could give many 
examples, but let me tell you about two that I was personally 
close to. They’re stories of old-fashioned science, in which pro-
fessional and citizen astronomers used a bucketload of ingenuity 



186  Ser endipit y

to work out the solutions to new mysteries. These stories involve 
groups of people from a variety of backgrounds and with myriad 
life experiences.

The first story dates back to the crazy first year of running 
Galaxy Zoo. The forum had quickly become a busy place, with 
posts about anything from astrophysical techniques to tea, but 
among the creativity of that community there was plenty of chat 
about what people were seeing on the site. A Dutch school-
teacher named Hanny van Arkel was the first to point to a blue 
blob that appeared near an otherwise unremarkable galaxy in 
one of the images.

The galaxy had a catalogue number—IC2497—and Hanny 
named the blob the ‘Voorwerp’ (Plate 11). When, a little later, the 
Galaxy Zoo team found her posts, I think we all assumed that it 
was a Dutch technical term. It turns out to mean ‘object’, or 
‘thingy’, but ‘Hanny’s Voorwerp’ is now the official name of the 
blob, endorsed by several major journals. To be honest, at the 
start the most interesting thing about the Voorwerp was prob-
ably the amusing story of the name, but Hanny wanted to know 
what it was.

If I’d come across the blob while sorting through images 
myself, I think I’d have ignored it, placing it to one side while get-
ting on with more straightforward tasks, if I would even have 
noticed it at all. Yet Hanny, the citizen scientist, was captivated by 
the discovery and pressed us to find out more. It was an early les-
son that experts aren’t always right; not only do highly trained 
professionals occasionally make silly mistakes, they also can’t 
always be trusted to focus on what is truly interesting.

There are plenty of examples scattered across the scientific lit-
erature. Take the work of a group led by Trafton Drew at Harvard 
Medical School, for example, presented in the journal Psychological 
Sciences with an arresting title straight from a horror film: ‘The 



Ser endipit y  187

invisible gorilla strikes again’. (Astronomers need to have more 
fun with paper titles.)

The invisible gorilla teaches us not only that experts make 
mistakes, but that they’re more likely to do so than the rest of us 
in some circumstances. The gorilla in question is a small cartoon 
figure, posed with one fist in the air for reasons known only to 
itself. It was placed by Drew’s team into images produced by CT 
scans of patients’ lungs, grainy black and white images studied by 
surgeons to look for signs of cancer. The participants were 
medics on the look-out for anomalies; an ideal, expert crowd for 
gorilla spotting. To make the task easier, the researchers made 
the gorilla larger, by a factor of nearly fifty, than the cancerous 
nodules the researchers were supposed to be looking for. Frankly, 
unless they’d equipped the beast with a party hat and balloons 
it’s hard to imagine how they could have made it more obvious.

The results are shocking. Of the twenty-four experts who took 
part in the challenge, twenty of them missed the gorilla com-
pletely (Figure 23). They didn’t see it. They didn’t mistake it for 
anything else—how could they?—but their brains just didn’t 
register something they weren’t expecting. When I first heard 
about this, I assumed they weren’t trying very hard, but eye-
tracking equipment used in the lab showed that most of those 
who missed the simian interloper looked straight at it. Not an 
absence of effort, then, or a sloppy inspection, but an absence of 
conscious attention.

Surprising though it is, that’s the result that the researchers 
expected. A previous result had invoked the invisible gorilla, this 
time wandering among players on a basketball court. If you 
watch the video, the figure in a party-store gorilla suit couldn’t be 
more obvious, but an audience told to count the number of 
passes will miss him, even as he pauses to wave to the camera 
and hence to the inattentive viewer, who remains oblivious. 



188  Ser endipit y

Once you know there’s a gorilla in shot, it’s literally impossible to 
miss him. So famous has the experiment become that for years it 
ran in cinemas as a road safety advert, preaching the need for 
careful attention. Yet not everyone is fooled to keeping their eye 
on the ball; expert basketball players are much more likely to 
notice the gorilla in their midst.

It’s not hard to explain why experts perform better. If you’re 
more used to following the movements of an orange ball whanged 
around a court by a bunch of players wearing vests, I’m willing to 
bet you’re also looking for different things from the rest of us. 
Those who know basketball will, I reckon, be looking not at the 
ball but for people to pass to, and will therefore instantly be 

Figure 23 The invisible gorilla (top right) as presented to surgeons for 
classification. It wasn’t noticed by most of the experts looking for 
tumours in these images.
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aware of the offensive threat posed by a gorilla near the three-
point line. Expertise here involves carrying out the simple task of 
counting passes automatically, such that it ceases to consume 
effort, freeing you to look beyond the simple task and see the 
whole game.

That’s why the CT scan study is so surprising to me. Here, even 
experts can’t be trusted; what the study is recording is a phenom-
enon known as inattentional bias, and it afflicts us worst when 
the object being searched for—cancer nodules in this case—is 
very different from the interloper. It’s harder to spot things the 
more different they are from the things you’re looking for. The 
gorilla being obviously not a nodule doesn’t help, but rather 
ensures that the nodule-searching brain dismisses it before the 
conscious brain can be surprised by it. Another problem is what 
people who study this stuff call ‘satisfaction of search’, the human 
tendency to stop looking once we’ve found something. Gorillas 
close to nodules were spotted slightly more often, but still missed 
more than two-thirds of the time.

So finding what you’re not looking for turns out to be extremely 
hard, and that has consequences in the real world. Kenny Conley 
was a police officer in Boston, and at two in the morning on 25 
January 1995 he was in hot pursuit of a suspect. An undercover 
officer was also present, but when they got to the scene Conley’s 
fellow officers mistook the disguised cop for the suspect. They 
proceeded to badly beat him up, which eventually ended them in 
deep (and, I reckon, deserved) trouble.

Conley, chasing the real suspect, had run straight past the 
place where the assault of the undercover officer was taking 
place, but claimed that he hadn’t seen anything at all. No one was 
able to believe he could have missed what was happening, and he 
was found guilty of perjury in lying to protect his fellow officers 
and sentenced to nearly three years in jail as a result.
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This case attracted attention, and inspired an experiment. 
Participants were asked to run after someone, passing on the 
way a group of brawling actors. At night, only a third of them 
noticed the fight, and even in broad daylight a third missed 
noticing that anything was happening. The act of concentrating 
on chasing someone decreases the attention one pays to the sur-
rounding world. As the researchers put it in the title of their 
paper, ‘You do not talk about Fight Club if you do not notice 
Fight Club’. (Psychologists really, really have more fun with their 
paper titles than astronomers do.)

Conley eventually won an appeal, though not because of the 
research described above. Nonetheless, once you start thinking 
like this it becomes obvious why Hanny, and not a bunch of 
astronomers, found the Voorwerp. Expert—and especially pro-
fessional—classifiers know what a galaxy looks like, and so aren’t 
likely to be distracted by the appearance of something else. 
Newer volunteers, those with less knowledge, are likely to be 
conscious of all sorts of things in the data, some interesting and 
novel and some not.

Hanny was also an effective advocate for her discovery. It was 
her Voorwerp, after all, and she wanted to know what it was. Her 
desire to understand pushed us on the Galaxy Zoo team to look 
into the matter, but it wasn’t easy at first. A leading hypothesis at 
first was that it might have been an interloper, a nebula or cloud 
of gas belonging to our own Milky Way. In order to test this idea, 
we needed a spectrum of the object, but the Sloan Digital Sky 
Survey that provided the image in which it was found hadn’t 
 targeted it for spectrographic follow-up. The survey’s algorithms 
just hadn’t anticipated anyone finding it interesting. Worse, the 
thing was faint enough that we needed a large telescope to get 
enough light, but time on those is won by writing convincing 
pitches describing future scientific bounty that will inevitably 
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flow from a particular set of observations, not from following 
some wild goose chase inspired by a single image of a weird 
object.

If it were up to me, we’d be able to write ‘We found an unusual 
thing and want to look at it’ and send that off to the Time 
Allocation Committee (TAC). A TAC is not some sort of commit-
tee of advanced aliens, something from the Doctor Who cutting 
room, but rather the group convened by an observatory that 
decides who gets time using the telescopes. Faced with more 
astronomers with more ideas than anyone should have to deal 
with, they tend to look askance at speculative proposals.

Luckily, astronomy is a small world. I found out that Matt 
Jarvis—both then and now again a colleague in Oxford— 
happened to be observing for his own purposes at a telescope 
in the Canary Islands. With a little nudge, Matt pointed the tele-
scope in the right direction, and emailed back a spectrum. 
Whether Matt had sacrificed his own observing time, or ‘acci-
dentally’ pointed the telescope at the Voorwerp while setting up 
for the night, I’ve never dared ask.

There’s always been a somewhat informal barter economy 
around telescope time; emails soliciting objects that would be 
worth observing after primary targets were set, or phone calls 
requesting emergency—or risky—observations, used to be 
common. As scheduling has become automated and efficient, 
these loopholes are closing. I worry about how we’re going to 
take risks, and think most observatories should set aside a small 
amount of time for observations which might be a bit unusual 
but which might pay off spectacularly.

Anyway, we got our data and the spectrum was a revelation. 
Even a quick glance at it told me that the Voorwerp—whatever it 
might be—was at more or less the same distance as the neigh-
bouring galaxy. It was therefore huge—almost galaxy-sized itself. 
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Looking back, I think that was the first moment I realized this 
was more than a curiosity; that the Voorwerp wasn’t just some-
thing that had caught Hanny’s eye, but was genuinely interesting 
in itself.

It clearly needed more than a casual glance. Luckily, I was sitting 
in the conference centre in the middle of Austin, Texas, at the win-
ter meeting of the American Astronomical Society—the largest 
annual gathering of astronomers. Among them was Alabama 
professor and Galaxy Zoo observing guru Bill Keel, who quite 
literally wrote the book on how to study galaxies. Dealing calmly 
with me waving a laptop in his face, Bill immediately noticed what 
I had not; there were features in the spectrum which suggested 
the presence of elements such as sulfur,* in conditions which led 
their atoms to be highly excited. In other words, the gas in the 
Voorwerp was hot. Very hot. About 50,000 degrees Celsius in 
fact, or nearly ten times the temperature of the surface of the Sun.

That’s not unprecedented, but it does need explanation, all 
the more so because there was nothing in the spectrum which 
suggested the presence of stars embedded in the gas. If they’d been 
there, they would have contributed what is called continuum 
light, shining at all wavelengths, but the absence of a significant 
continuum meant that very few bright stars could be present. 
There certainly weren’t enough to heat the rest of the gas. Sitting 
in the corner of a corridor in a large and almost completely 
soulless convention centre, Bill and I realized the Voorwerp was 
a real mystery. Understanding why this blob of gas was excited, 
and identifying the source of its excitement, was a proper 
 scientif ic question, and the spectrum Matt and colleagues 

* I’m using the American ‘sulfur’ not the English ‘sulphur’ because that’s what 
the International Union of Pure and Applied Chemistry says we should do. They 
adopted English spellings of aluminium and caesium, so it’s not as if the 
Americans got everything their own way.
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provided was not the end but the beginning of a scientific detective 
story. With an unusual spectrum in hand, we had the ammuni-
tion to go and chase down more clues.

First, though, there was a chance for some good old-fashioned 
speculation as we tried to work out what sort of thing the 
Voorwerp might be. One obvious possibility was that it was the 
remnant of a supernova; many of the explosions discussed earlier 
in the book will produce not only a dense remnant—the neutron 
star or black hole that forms from the star’s core—but also a sur-
rounding cloud of gas. These supernova remnants don’t last for 
long—we’re watching the one produced by the 1987 explosion in 
the Large Magellanic Cloud change before our eyes—but they do 
shine brightly due to gas excited by the explosion. The shock wave 
from such an explosion might, if powerful enough, excite sur-
rounding gas to the degree seen in the Voorwerp. A careful look 
at the Voorwerp itself supported this nascent  theory; there’s a 
roughly circular ‘hole’ in the gas which would easily be explained 
if it was centred on the site of an explosion, with the gas closest to 
the action having been destroyed or ejected  completely.

It’s a simple, neat explanation of the object, which is utterly 
confounded by the facts. The biggest and most immediate prob-
lem is the sheer size of the Voorwerp itself, much, much larger 
than any supernova remnant in the Milky Way. Any explosion 
capable of exciting gas over such a large volume of space must 
have been quite something, but in the early speculative phase of 
thinking about things we weren’t too discouraged, given free-
dom to imagine the unlikely because the Voorwerp was, as far as 
we knew, one of a kind.

The discovery of many such objects would mean making a 
claim about how frequent supernovae capable of producing such 
massive remnants are, a calculation that could be quickly tested 
by observation. With only one example, who’s to say we hadn’t 
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stumbled across the remains of the most super of supernovae? 
The next stage though, is to calculate, or at least guess, how long 
the unique thing you’re observing will survive in something like 
its current state. If it’s short lived—a nova that will come and go 
in a matter of weeks or a planetary nebula which will last for only 
a few tens of thousands of years—then an argument which relies 
on scarcity is dead in the water; you may only see one example 
now, but another will be along in a little while. If it’s long-lived—
and the sheer size of the Voorwerp, closer to the scale of a dwarf 
galaxy than any normal remnant, suggested it wasn’t going any-
where in a hurry—then the argument that you might be dealing 
with an exceptional specimen has more weight.

I’m labouring the point perhaps, but this sort of argument lies 
right at the heart of the kind of astronomy I like to do, and what, 
when whiling away nights back in the school observatory, 
I  thought astronomers mostly did. We found a weird thing. 
Great! How weird is it? Is it especially close, or far away? How 
bright does it look? Is it changing? How does it compare to other 
things? These are all simple observations, but they’re as much 
part of attempting to understand the Voorwerp as writing down 
equations that convert features observed in a spectrum to physical 
properties like temperature.

In this case, the line of reasoning suggested that any Voorwerp-
producing supernova would have to be exceptional, and there-
fore exciting. Before we could go searching for the dense remnant, 
the neutron star or black hole that would confirm that a giant 
explosion occurred here, we realized a clue had been overlooked. 
The Voorwerp is large enough that we don’t need to treat it all as 
a single object—we can look at parts of it separately, even from 
our distance of three hundred million light years.

Once we realized that, a pattern became clear. How excited 
the gas was depended on how far it was from the neighbouring 
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galaxy, with the gas closest to the galaxy less excited than that 
which is further away. A small clue, but an important one. If this 
was a hard-boiled detective movie, imagine the camera panning 
slowly to the galaxy, ominously hanging ‘above’ the Voorwerp 
in each of the images we’d spent ages staring at.

Could it have been the culprit? Like most, and probably all, 
large galaxies, it contains a supermassive black hole at its centre. 
As material falls into such a black hole, if there is enough of it, it 
can form a disc of material orbiting the central black hole, 
known as an accretion disc. The physics of how material behaves 
in such circumstances is, well, complicated to say the least, 
but it’s clear that such systems can produce powerful jets of 
material moving at high speed. Such jets are common in massive 
elliptical galaxies—M87, the giant at the heart of the nearby 
Virgo Cluster, has a well-studied example which moves at very 
nearly the speed of light—but they have also been found in spirals. 
Volunteers in the Radio Galaxy Zoo project, which tries to pair 
galaxies observed in the radio with their counterparts in the 
infrared, have found just such an object, and in that case as in 
almost all spiral systems with jets, the jet was perpendicular to 
the disc.

So could such a jet, produced by activity in the core of IC2497, 
have excited the glowing gas in the Voorwerp? Such a scenario 
seemed more plausible after a close look at the neighbouring gal-
axy itself. It seemed to be warped, its disc twisted and marked by 
thick dust lanes—features which suggest a recent interaction 
with a neighbour. Such an interaction, or even a merger, might 
have funnelled material down into the galaxy’s central region 
where the black hole lurks, piling on material and making the 
presence of a jet much more likely, and if such a jet existed at 
right angles to the galaxy’s disc, it looked plausible that it would 
hit the Voorwerp directly.
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Mystery solved. Yet the details didn’t add up. If there was 
enough material falling into the black hole to produce a jet able 
to excite the Voorwerp, then the gas and the dust that immedi-
ately surrounds the black hole should also be warm, glowing 
brightly in the infrared. The Voorwerp’s neighbour is bright in 
the infrared—it’s what astronomers call an LIRG, or luminous 
infrared galaxy—but it wasn’t bright enough to allow for the 
necessary activity. Despite the neatness of the explanation, it 
was clear that we couldn’t hide a powerful enough source of 
activity at the core of the galaxy to account for the Voorwerp’s 
 brightness.

This was confusing, but slowly, in discussions and emails and 
phone calls, those of us on the Galaxy Zoo team who were 
increasingly consumed with trying to answer Hanny’s simple 
question realized that we had to consider the possibility that the 
Voorwerp was an evolving object, capable of change. The dis-
tance between the Voorwerp and the galaxy is about 50,000 
light years.* This means that light travelling from the centre of 
the galaxy to the Voorwerp, and then heading to Earth, would 
arrive 50,000 years after light taking the direct route. Put another 
way, the Voorwerp is a light echo—it reveals to us the state of its 
neighbour galaxy as it was 50,000 years ago.

The fact that the Voorwerp is highly excited now tells us that, 
back in the stone age here on Earth, the black hole at the centre of 
IC2497 would have been feeding heartily, even though today it is 
relatively quiet. Had our Cro-Magnon ancestors had stone age 
binoculars, they would have found the galaxy—now too faint to 
be seen with small telescopes—easily visible, the nearest  example 
of what we call a quasar. In the time that’s passed since then—

* That’s the projected distance on the sky—the distance you get if you assume 
that the lines joining us to the Voorwerp and the Voorwerp to the galaxy make a 
right angle. If the Voorwerp is in front of or behind the galaxy, that distance 
might really be only 25,000 light years or as much as 75,000 light years.
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not long in the 13.8 billion year long history of the Universe—the 
galaxy must have quietened down. Perhaps the black hole ran 
out of fuel, or the activity around the black hole might have 
heated the surrounding gas, preventing further collapse in a pro-
cess known as feedback. In either case, as long as something dra-
matic had changed in the galaxy in the last few tens of thousands 
of years, it would explain what we saw.

This is an exciting idea. We can monitor what the black holes 
at the centres of galaxies are up to on human timescales, return-
ing year after year to the same objects to see what, if anything, 
has changed. We can see too how the population of active galax-
ies changes over cosmic time, by comparing the population of 
galaxies that we see at different epochs of the cosmos’s history. 
But being able to trace changes on a timescale of thousands of 
years, in-between these two more accessible timescales, is unique.

Not that having had the idea was enough. Getting from there 
to a proper result was hard work, and a particularly hard slog for 
me; my PhD had made me an expert in using radio telescopes, 
not in handling data from anything with a mirror, and so I was 
learning what to look for in spectra and in the other data we 
gathered as we went along. With much help from Bill and others, 
eventually a short paper was ready, and we sent it off to our nor-
mal research journal.

We didn’t have to wait long for the referee’s report to appear in 
my inbox. Unfortunately, it was as critical as anything I’d seen. 
My analysis had, it said, basic problems, and the interpretation 
I’ve just spent paragraphs convincing you of was overblown. Our 
conclusion that the black hole couldn’t currently be active 
enough to account for the Voorwerp’s observed brightness was 
wrong, we were told.

In some fields, such a bad report would have meant the end of 
the paper’s chances of publication. In astrophysics, there’s a 
more collaborative approach and it’s possible to go back and 
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forth with the referee until all is well, or until mutual exhaustion 
ends the process, at which point the editor as umpire steps in and 
ends the fight. This tangle with the referee was one of the most 
exhausting of my career, and we went back and forth more than 
a dozen times; what had started as a four page paper weighed in 
at thirty pages by the time we had satisfied every niggling doubt 
in their mind (or, I suppose, won through sheer exhaustion).

This effort mattered. One reason for publishing in a journal is 
to show publicly that a result stands up, that it has at least passed 
the minimum standard required for peer review. A second might 
be to spread the word, communicating a result to one’s col-
leagues. Another goal is to build up a public track record of 
work—even though there are well-documented problems with 
the approach, we use someone’s publication record when con-
sidering them for jobs or for promotions. The fourth reason, 
though, is to stake a claim for posterity. Despite all the wrangling 
and the back and forth, we needed the paper out so that Hanny—
as a co-author alongside the rest of us—could get the proper sci-
entific credit for her discovery.

The trouble was, the Voorwerp was big news. Hanny had been 
on Dutch television, who were reporting on the mysterious blob, 
and we’d been blogging to share our progress and our excite-
ment with the Galaxy Zoo volunteers. As a result, a Dutch team 
of astronomers had decided to take a look at the new object 
themselves, using a network of radio telescopes to get a very dif-
ferent view of the system, one more detailed than had been 
obtained at similar wavelengths before. Before our referee was 
happy and our paper could be accepted, this rival group pub-
lished their own paper which told a different story.*

* This Dutch group were kind enough to add Hanny and a few of the Galaxy Zoo 
team to the author list for the paper, but it was still annoying not to get there first.



Ser endipit y  199

A quick glance at their data showed that the Voorwerp was 
bigger than we thought. It turns out that only part of it has been 
excited enough to glow brightly when viewed in visible light; 
there exists a much longer streamer of cold gas wrapped round 
the galaxy, exactly as one might expect in the aftermath of a 
merger. The Milky Way’s satellites, the large and small Magellanic 
Clouds, have been disrupted by the encounter with our larger 
galaxy, and trail gas and stars behind them as a result. The conse-
quences of a more dramatic merger should be even more spec-
tacular, producing long ‘tidal tails’, streamers of gas that here 
happen to be in the right place to be excited. Was the Voorwerp 
just part of such a tidal tail, illuminated by a still-active jet?

The cause of that excitation seemed to be visible for the first 
time in the Dutch radio data. Deep in the heart of IC2497, it turns 
out there is indeed a jet of material, moving fast and heading 
straight for the Voorwerp. This is exactly what we’d originally 
expected, and completely consistent with a currently active gal-
axy. By the time our paper was published we had to argue that 
there were two possibilities—we were either right, and the galaxy 
was now quiet, or our calculations were wrong and the jet discovered 
by the Dutch team was evidence that we’d made a mistake.

Luckily, there was a clear test available. Kevin—he of the original 
classifications that inspired Galaxy Zoo—and friends applied for 
and won time to use two telescopes in space. XMM-Newton and 
Suzaku are European and Japanese telescopes that look for x-rays, 
high-energy radiation emitted most commonly by very hot gas 
such as that swirling around an active black hole which is still 
growing. Using x-rays also allows us to peer through the dust 
clouds that surround the centre of a galaxy like IC2497, getting 
directly to the heart of the action.

When we used these telescopes to look at the centre of the 
Voorwerp’s neighbour we saw precisely nothing. There were a 
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few stray photons recorded by the detectors, but nothing worth 
writing about. In other words, the galaxy was dead, just as we 
had predicted. And the implications are startling. The black hole 
at the centre of IC2497 probably weighs in at a few million solar 
masses, and yet a system dominated by an object that large has 
managed to change its behaviour completely in the small matter 
of a few tens of thousands of years.

In the past, the Voorwerp must have been the brightest quasar 
in the sky, and as it would be too much of a coincidence to have 
the nearest such object behave oddly, such behaviour must be 
relatively common. Much better to assume that such things hap-
pen all the time than to argue that the nearest such galaxy just 
happened to misbehave shortly before we came along to watch. 
The lesson of the Voorwerp is that galaxies switch from active to 
passive—and presumably back the other way—all the time. 
Classifying a galaxy as either active or quiescent becomes not a 
property of the galaxy, like its mass, but a statement about what 
stage of its life a galaxy is in.

Even the story of our own Milky Way changes when you start 
thinking like this. The centre of our galaxy is a quiet place today, 
containing a supermassive black hole but one that is quiet and 
devoid of any substantial accretion disc. There was great excite-
ment a few years ago when what appeared to be a gas cloud of 
about the same mass as Jupiter, named G2, appeared likely to fall 
in, and coffin-chasing astronomers were keen to watch. As it 
turned out, G2 survived its close passage around the black hole 
(it didn’t come close enough to pass the event horizon, the point 
of no return) and may well be something more substantial than 
just a cloud of gas.* Just the fact that everyone got so excited 

* The most favoured hypothesis seems to be a pair of stars embedded in a 
cloud of gas, for a variety of complicated reasons.
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about it, though, tells you that not much happens in the centre of 
the Milky Way.

Look away from the disc of the galaxy with the right eyes and 
the picture changes. NASA’s satellite Fermi has been mapping the 
sky in light that is even more energetic than the x-rays that 
betrayed the Voorwerp’s secrets. The gamma-ray sky is marked 
by two large bubbles of hot gas, extending symmetrically for tens 
of thousands of light years and centred on the galaxy’s heart. A 
good explanation for these structures, now known as the ‘Fermi 
bubbles’, is that they’re a pair of shock waves exciting the thin gas 
that exists beyond our disc, the echoes of a time not that long ago 
when the centre of our galaxy was home to an active black hole. 
As material fell on the Milky Way’s central engine, it shone so 
brightly that as its radiation travels out into space it can still 
excite its surroundings.

So even the Milky Way can be active, and the Voorwerp helps 
us understand this behaviour. We also managed to get Hubble 
Space Telescope images and data, which made the Voorwerp yet 
more famous. (It made a brief appearance in one of David 
Letterman’s monologues, being revealed at the end as nothing 
more than a smear on a camera lens, easily wiped away.) In the 
meantime, Galaxy Zoo volunteers in search of their own discov-
eries quickly assembled a set of ‘Voorwerpjes’ (Figure 24).* Each 
of them is a glowing blob of hot gas, excited by activity around a 
galaxy’s central black hole.

The variety of shapes seen in the Voorwerpje sample, many of 
which have now been imaged by Hubble too, is remarkable. There 
are long braids of gas, which seem to twist round each other. 

* Voorwerpen would be the Dutch plural, but these are smaller versions, so 
we use Voorwerpjes—the diminutive. It’s amazing what you end up having to 
know in this job.
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There are dense clouds, in front of, behind, and surrounding 
their host galaxies. There are a surprising number of rings, and 
features that look rather like the still-mysterious ‘hole’ in the 
Voorwerp. The complexities of these shapes are either caused by 

Figure 24 Example Voorwerpjes imaged with the Hubble Space Telescope. 
The emission is from excited oxygen and shows a remarkable range of 
shapes, which are difficult to explain.
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an uneven distribution of gas or rapid changes in the luminosity 
of material falling down into the black hole, and they don’t make 
understanding these systems easy. Nonetheless, after a lot of 
work it seems clear that about a third of galaxies with visible 
Voorwerpen* have faded dramatically, just like the original.

Hanny’s find is still inspiring new scientific discoveries a dec-
ade after it was found, but it can seem like an sideshow compared 
to the main Galaxy Zoo story. Galaxy Zoo wasn’t set up to find 
giant glowing gas clouds, nor to reward volunteers who got inter-
ested in curiosities they came across while classifying. The vast 
majority of the scientific papers which have been published as a 
result of the project use the results produced by volunteers click-
ing away on the main interface, few of whom get the recognition 
and dose of fame meted out to Hanny, and pay no attention to 
random discoveries made and discussed on the forums.

Its importance is rather that it turned out to be the first of 
many similarly serendipitous discoveries, and in many cases the 
volunteers went far beyond just pointing at the presence of an 
object. The idea that citizen scientists could do more than just 
spotting odd stuff first became obvious when we came across 
the Green Pea galaxies—a good few months after our volunteers 
had started thinking about them.

As the name suggests, these are small, round, and green 
objects which appear in the background of some of the images 
from the Sloan Digital Sky Survey that populated the original 
Galaxy Zoo. A small group of volunteers, calling themselves the 
Peas Corps,† set out to collect them but also, importantly, to find 
out what they were. First they noticed that the peas were all the 

* Got the plural in too!
† It took me months to realize this was a joke. The revelation finally came 

when I was on stage, giving a lecture, and said the name out loud.
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same  colour, a blueish-green; and then that the only other things 
this colour were small, irregular galaxies. Remarkably, the Peas 
Corp organized their own version of Galaxy Zoo to sort through 
the 15,000 or so objects that shared this hue, emerging with a set 
of a few thousand peas (Figure 25). Sloan also provided spectra 
for these objects, and the volunteers went and grabbed this extra 
data. When they inspected their haul, they noticed that their 
light is dominated by emission from oxygen.

The significance of that discovery wasn’t immediately appar-
ent, but they quickly decided that having a strong oxygen line 
was a good test of whether something was a ‘pea’ or not. Having 
tested their sample, they sent an email announcing to the Galaxy 
Zoo team—their professional counterparts—that they’d  discovered 
not an odd object or a new galaxy, but a new type of galaxy.

The bright oxygen line explains the distinctive colour of the 
peas, and it’s a sign of rapid star formation. A quick look at the 

Figure 25 A ‘pea’ as found by Galaxy Zoo volunteers. This tiny galaxy is 
undergoing a dramatic burst of star formation; most of the light we see is 
due to emission from excited oxygen.
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data available for the sample the Peas Corps had assembled was 
shocking. The peas were systems in which stars were forming at 
a prodigious rate; despite being dwarf galaxies with only about a 
tenth of the mass of the Milky Way, they match or even exceed 
our own galaxy’s production of stars. These tiny systems are 
the most efficient star factories in the local Universe. Located in 
the backwaters of the cosmos, in the least populated parts of the 
Universe, something has caused them to convert all of their gas 
to stars. Understanding why this is happening, and what it tells 
us about the histories of their larger counterparts, is a matter of 
quite some debate, with more than fifty papers devoted to their 
properties and their nature in the literature.

One exciting idea is that these are the last galaxies to undergo 
the kind of star formation episode which the most massive gal-
axies might have experienced early on. Such enormous bursts of 
star formation might have been responsible for what’s called 
reionization—the point in the Universe’s history where neutral 
gas throughout space was excited for the first time by light from 
newly formed stars. The peas would then represent our only 
chance to see what a galaxy undergoing such an event looks like 
locally.

Unlike the Voorwerp, which to the best of our knowledge had 
never been spotted before, the peas weren’t completely new to 
science. I’ve found them lurking in papers going back as far as the 
1950s, hidden within catalogues of systems which shine brightly 
in oxygen and other atomic emission lines. But no one had 
looked—not taken so much as an idle glance—at these systems, 
and so no one had noticed that these things don’t seem to be nor-
mal galaxies and might therefore be worth some attention. It’s 
not even true that only people—citizen scientists—could have 
found them, as a careful selection of systems with particular 
 colours can lead to a sample consisting solely of peas and not 
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much else, but we needed the volunteers to point us to what was 
worth selecting before such an exercise would seem worthwhile. 
Even in modern astrophysics, dominated by big data and machine 
learning, the critical insight that something might be worth fol-
lowing up remains a very human one.



8
IS IT ALIENS?

The discovery of wonderful, unexpected things isn’t limited to 
Galaxy Zoo. Volunteers on the Planet Hunters project may—

may!—have found the signature of an advanced alien civilization 
orbiting a nearby star. While perhaps not the most probable 
explanation for what they’ve found, the theory is plausible enough 
for one of the top astronomical journals to publish a paper which 
seriously suggests that what was found qualified as an ‘alien 
megastructure’, words which, as it turns out, get you noticed.

The star in question was once known only as KIC8462852. KIC 
stands for Kepler Input Catalogue, which tells you that this par-
ticular star lies in a particular patch of sky. Lying across the bor-
der of the constellations of Cygnus and Lyra, it was stared at by a 
space telescope called Kepler, built by NASA to hunt for exo-
planets. Kepler is not a large telescope, and it didn’t have an excit-
ing task; for three years it stared at that same patch of sky, 
monitoring the brightness of 150,000 stars selected from the 1.5 
million or so in the catalogue. The Kepler field covers an area 
about four times the size of the full Moon. The fact that such an 
apparently small field has so many stars accessible to even a small 
telescope is a reminder that even smaller instruments can con-
tribute much to our exploration of the vast unknown.
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The spacecraft’s unblinking gaze was combined with a camera 
capable of measuring the brightness of stars very precisely, mak-
ing Kepler the most powerful planet hunter yet built. The discov-
ery of planets around other stars has been one of the great 
scientific stories of the last few decades, with progress since the 
first unambiguous discovery in 1995 being both dramatic and 
exciting.* Kepler alone has been responsible for the discovery of 
thousands of likely worlds.

Most known planets, and all of the Kepler ones, are impossible 
to image directly. The planets are bright enough and close enough 
to us to be seen, but the dazzling light from their neighbouring 
stars outshines them. Attempting to pick out a planet close to a 
star which is thousands of times brighter is a nearly impossible 
task, like trying to spot the faint light of a glow-worm hovering 
next to a stadium floodlight. Instead, planet hunters rely on a 
variety of indirect methods to track down their quarry.

Kepler, for example, looks for faint blinks that represent the 
passage of a planet in front of its parent star. Such an alignment 
causes a brief drop in the star’s brightness as seen from Earth, 
but such transits are not obvious. Even a large planet close to its 
star will still cover only a tiny fraction of the stellar disc, causing 
a dip of much less than 1 per cent in the star’s brightness. The 
subtlety of the effect means that it is easier to get a reliable sight-
ing without dealing with the distorting effect of Earth’s atmos-
phere, which is why Kepler is a telescope in space. Even in such 
ideal circumstances, though, the odds of seeing a transit are low. 
Most possible orbits won’t happen to take a planet in front of its 

* Picking 1995 as the date of the first discovery is slightly controversial; there 
were claimed detections of planets before then, some in systems which did 
indeed turn out to be real, whether or not the original claim had enough statistical 
weight to hold up. There’s also the strange tale of planets around pulsars, but 
whatever they are they’re not normal and we can ignore them for now.
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parent star as seen from Earth, and so projects like Kepler moni-
tor many stars in order to increase the odds.

Once data is on hand, recording the brightness of many stars 
over an extended period of time, the task becomes that of finding 
any regular sequence of dips that might indicate the presence of 
a planet. Looking for a regular pattern is the kind of thing com-
puters were built for and so this is an easy problem—or it would 
be if the data was clean. Instead, though, there are plenty of 
sources of confusion. The measurement is difficult and subtle, 
and noise in the camera can easily cause random fluctuations in 
signal big enough to mimic or to mask the signal. Worse, many 
stars vary in brightness. The well-behaved ones do so following 
regular cycles, but plenty are irregular and many have starspots, 
just as the Sun has sunspots.

Studying these changes in brightness is a science in itself, and 
can tell us a lot about the structure and evolution of stars, but as 
far as planet hunting goes they are a nuisance. The usual remedy 
is just to wait; once many separate transits have been seen at 
regular intervals, each one increases confidence in the reality of a 
planet’s existence, but even then things are not straightforward 
and time is not always on our side. Planets in orbits close to their 
stars whizz around, racking up transits, but for most transits are 
separated by months or even years. Faster, better searches are 
needed.

In 2010 we were approached by Debra Fischer at Yale to see if 
we could help. Kevin Schawinski had moved from Oxford to a 
position there, and had been singing the praises of citizen sci-
ence. Debra has a formidable record as one of the leading obser-
vers in the nascent field of exoplanet science, and explained at 
our first meeting that even the Kepler team themselves were 
reduced to inspecting possible planets by eye. (This is mentioned 
in the Kepler papers, though you have to dig through them 
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 carefully to spot it.) Rather than rely on a single expert classify-
ing a small number of candidates that had been first filtered by 
algorithm, Debra and her colleagues were convinced it made 
sense to have a large number of volunteers sort through the 
whole Kepler data set.

This seemed mad to me. Only a few years into my Zooniverse 
adventure, I didn’t have the confidence that I do today that  people 
were donating their time to Galaxy Zoo solely because of a love 
of science. I still suspected that whatever the surveys said, and 
however grotty the images of the average galaxy were, people 
were still attracted by the experience of looking at images. The 
idea was that people would sort through not images, but graphs 
of brightness against time that astronomers call light curves. The 
proposition that people would be willing to give their spare time 
to look at graphs for fun, searching for something as indistinct 
and ill-defined as a dip in brightness, seemed like a stretch to say 
the least. The fact that we could add simulated planets to the data 
helped, as it at least gave people something to see as well as guar-
anteeing we could measure how effective the search was, but I 
was worried.

As a result, I spent days wondering whether we should be 
attacking this problem at all. I supposed eventually that even if 
we didn’t find anything we could write a paper describing how 
good the Kepler team were at spotting planets. By this point, 
though, you should know what happens when I think a project 
will fail. Planet Hunters, the project we ended up building in 
response to Debra’s challenge, was consistently our most popu-
lar project for years after it launched. The results were better than 
I could possibly have imagined—volunteers found nearly a hun-
dred planet candidates that had been missed by the main search.

I’m following Kepler parlance: a planet candidate is defined as 
something that we estimate has a 95 per cent chance of being 
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real. There remains a possibility that one in twenty of them will 
turn out to be contaminated by other effects, most likely by the 
presence of a distant pair of stars which eclipse each other and 
which happen to lie behind the star we think we’re studying. The 
vast majority of our planet candidates will be real, though, and 
some are truly special. I have a soft spot for the world known by 
the ungainly moniker Planet Hunters 2b (PH2b), a Neptune-sized 
world which lies at the right distance from its Sun-like star such 
that any large moons would have a lovely, temperate climate, and 
would provide suitable homes for life (Figure 26).

One of the discoverers of PH2b was Roy Jackson, a 71-year-old 
retired police inspector from Gateshead. Asked on local television 

Figure 26 Planet Hunters 2b, a Neptune-sized world in the habitable 
zone of its parent star, as it might appear from an Earth-sized moon.
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why he took up the unusual hobby of planet hunting, Roy’s reac-
tion was textbook British understatement. ‘There’s nothing to 
watch on TV’, he said, ‘and there’s only so much gardening you 
can do.’ If you want a sign of the speed of scientific progress, 
I think going in less than two decades from finding the first planet 
around another star to it becoming something you do from home 
while bored on a rainy Sunday afternoon is a pretty good one.

Even better, in this project too the unusual and the unexpected 
showed themselves. Planet Hunters 1b is a remarkable system 
with a terrible name, the only planet known in a four-star sys-
tem. Two pairs of stars, each locked in a tight orbit around its 
partner, circle their common centre of mass. Planet Hunters 
volunteers identified a world which circles two of them. A few 
such circumbinary planets are known, but this is the only one in 
such a complicated system. As a result, just the fact that it exists 
tells us something new about how planets form.

That brings me to KIC8462852, the most unusual star in the 
Kepler database. Shortly after the space telescope began moni-
toring it, the star blinked. The drop in brightness amounted to 
almost 1 per cent of the star’s normal luminosity; large for a 
planet, but not completely unprecedented. A few months later, a 
nearly identical dip was recorded. Three is normally enough to 
announce a discovery, and so a third dip would have provided 
evidence that something—either a large planet or a small and 
hitherto unsuspected star—was in orbit around the primary.

Instead, nothing more was seen for over a year. The star con-
tinued to shine brightly, as if nothing had happened. Either each 
of the two dips had been caused by separate objects, neither of 
which had yet completed a full orbit and returned to transit 
again, or the star itself was misbehaving. Among all the excite-
ment of finding real planets, no one paid much attention to a star 
with a couple of glitches in its past.
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Then the star dimmed dramatically. For a few short hours, it 
was suddenly 20 per cent fainter than before. It then returned to 
its former brightness, where it remained, as if embarrassed by its 
brief glitch, for more than a year. At this point all hell broke loose. 
The star dimmed, recovered, and then faded again. It looked like 
all was returning to normal, but then the star’s brightness 
 suddenly plunged again, once more fading by a factor of about 
20 per cent (Figure 27).

This sort of thing kept happening, but eventually, after a few 
weeks of such baffling behaviour, the star returned to normal. 
Shortly after, the main Kepler mission ended. Not by design, but 
because the spacecraft’s reaction wheels, responsible for keeping 
it pointing at the same patch of sky, had worn out. Monitoring of 
the star thus stopped, but the data safely received on the ground 
had brought it to the attention of Planet Hunters volunteers, who 
quickly realized they were dealing with something extraordinary.

Even inexperienced volunteers who ran across KIC8462852 
realized they were looking at something odd. The time taken for 
whatever it was that was getting in the way to pass in front of the 
star was longer than you’d expect from a planet, and the dip and 
return weren’t nicely symmetrical in the way they would be if 
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Figure 27 The ‘light curve’ for the WTF star as seen by Kepler, showing 
the brightness of the object over nearly three years. The dramatic dips in 
the centre and near the end are almost unprecedented.
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caused by a nice, round, boring planet. The task of investigating 
what was going on was taken up by a small group of volunteers, 
led by Daryll LaCourse.

Over the course of the project, this bunch of citizen scientists 
had learned to use many of the tools provided for professional 
astronomers to work with data from Kepler. One of the first com-
ments on KIC8462852—now renamed the WTF star*—pointed 
out the similarity to a set of unusual objects called ‘heartbeat 
stars’ that the group had already investigated.

These are bizarre systems in their own right, with a name 
deriving from the fact that the graph showing their brightness 
over time—what astronomers call a light curve—resembles the 
trace of an ECG in a casualty ward. Periods of stasis are broken by 
a sudden increase in brightness, then a decline, and then a return 
to the long-term norm. Planet Hunters volunteers learned about 
these stars when watching Jim Fuller and Dong Lai, researchers 
from Caltech and members of the Kepler team, present at a con-
ference in California. The meeting was streamed live on the inter-
net, and so the audience involved volunteers scattered around 
the globe as well as the gathered community of planet-hunting 
professionals. Before the end of the talk, which described the first 
two heartbeat stars, the volunteers realized they’d seen similar 
behaviour and started pulling a list of these oddities together.

The heartbeat stars turn out to be unusual binary stars, with a 
smaller secondary star on an elliptical orbit. When the second-
ary swings close to the primary, the latter rings like a bell, and the 
resulting changes in brightness appear as the distinctive pulses 
we see in the data. This happens on a regular schedule, as the 

* Following negotiation with a journal editor who insisted that it was policy 
that all acronyms be spelt out, it was agreed that WTF stands for ‘Where’s the 
Flux?’, neatly referring to the central mystery presented by the star.
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ringing repeats with each swing of the smaller star past the larger. 
This is interesting, and such behavior valuable in trying to under-
stand stellar interiors, but something more complicated is going 
on with the WTF star.

Daryll found a clue in the data that was available on the web. 
Most of the objects in Kepler’s target list had been extensively 
studied in preparation for the mission. In many cases, the 
properties of any planets found can only be pinned down if the 
stars themselves are understood, and effort has already gone 
into excluding stars whose inherent variability would have 
hidden likely planets. As a result of all this work, Daryll could 
tell that this star was brighter in the infrared than stars of its 
type usually are.

Unexpected brightness in the infrared usually means that 
there is a disc of dust, leftover from planet formation, in orbit 
around a star. As the dust absorbs light from the star, it reradiates 
mostly infrared radiation; hiding a star behind dust therefore 
usually results in the system appearing dimmer than normal 
when viewed in visible light, but brighter in the infrared. This is 
one reason that astronomers studying star formation normally 
turn to longer wavelengths, hoping to be able to observe stars 
still embedded in their embryonic cocoons. The infrared excess 
suggested that the neighbourhood of the WTF star was a dusty 
place, and Daryll realized that this might be the key to explaining 
its bizarre behaviour.

He suggested that there really was a planet in orbit around the 
star, but that the planet was itself surrounded by a dust disc. That 
seems sensible enough. Just as planets form from the disc of left-
over dust and gas which surrounds newborn stars, so a newly 
formed planet might be surrounded by a disc of leftover material 
from which moons might form. Our own Moon probably had a 
more violent origin, coalescing from the debris of a collision 
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between the proto-Earth and a Mars-sized object, and the two 
moons of Mars seem to be no more than captured asteroids. 
Large planets such as Jupiter seem to have formed their systems 
of large moons more directly, though, and a large planet with a 
dense disc of material passing in front of a star would certainly 
block plenty of the star’s light. If the geometry of the passage 
changed each time, you might be able to explain the observed 
differences each time the WTF star dimmed or flickered.

The attractive thing about this proposition is that it could 
explain an almost arbitrary pattern. The disc might have a gap at 
its centre, between the planet and its inner edge, just as there’s a 
gap between Saturn’s rings and the planet itself. The team flying 
the Cassini spacecraft, which took several plunges between rings 
and planet at the end of its life, called it the ‘Big Empty’, so it 
should be no surprise that light would shine through such a gap, 
adding to the complexity of the behaviour during an observed 
‘blink’. Saturn’s rings also have gaps within them, shaped by 
interactions between ring particles and the myriad tiny moons 
which surround and shepherd them. Add the same sort of thing 
to the WTF system, and you might have a chance of explaining 
what’s going on.

By the time speculation had reached this state, with Daryll and 
others drawing possible models for the rings, the Planet Hunters 
team themselves became involved, most notably Tabby Boyajian, 
then a Yale postdoc, who led the professional end of the effort 
to solve the mystery of this most unusual star.* The dust disc 
explanation felt wrong from the start; every piece of information 
we had in the Kepler Input Catalogue pointed to KIC8462852 

* Because of Tabby’s efforts in leading the work on the star, it’s sometimes 
known not as the WTF star but as Boyajian’s star, which I rather like. ‘Tabby’s 
star’ also gained currency, but I like the authoritative and official sound of using 
her surname.
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being a perfectly ordinary, stable, and middle-aged star, while dust 
discs are almost exclusively the property of younger objects. Worse 
than that, the fact that two of the dips accounted for almost 20 per 
cent of the star’s light meant that the obscuring object had to be 
enormous. If enough dust existed in a disc to create such a large 
dip, it should be stonkingly bright in the infrared—and it wasn’t.

So there’s no dust disc. And the star appears to be perfectly 
normal, with nothing in its colour or spectrum marking it out 
as one especially likely to behave oddly. The team led by Tabby 
checked that there were no signs of camera malfunction. Neigh-
bouring stars appeared to maintain a nice, constant brightness, 
and when, driven by some magic combination of desperation 
and paranoia, they checked which pixel each observation of our 
star landed on there was no obvious pattern that might explain 
the observed dips. In the paper we put together  announcing the 
discovery, and on which seven separate citizen scientists appear 
as authors, we fairly reluctantly nailed our colours to a hypoth-
esis that suggested that the dips we observed were the result of a 
string of comets.

Comets have a lot to commend them. For starters, they’re less 
bright in the infrared than one would expect a dust disc to be, 
and that means you can hide enough stuff to cause big dips in 
brightness without exceeding the infrared limit set by the obser-
vations. Our comet would need to be broken into bits, so that 
each piece could be responsible for an individual dip, but that’s 
ok. Breaking up is something that comets tend to do. Comet 
Schwassmann–Wachmann 3, for example, survived for sixty-
five years after being discovered by two German observers in 
1930, but broke into four pieces in 1995. By 2006 it was in eight 
separate pieces and seems to be in the process of crumbling 
entirely. Comet Biela, a spectacular sight in the nineteenth cen-
tury, split somewhere around the middle of the century and had 
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 disappeared completely by the time of its predicted return in 
1859. Both Schwassmann–Wachmann 3 and Biela even produced 
short-lived meteor showers, their remnants burning up in the 
atmosphere as Earth crossed their orbits.

The most famous of comet breakups was that of Shoemaker–
Levy 9 (SL9), which came too close to Jupiter in the early 1990s. 
By the time it was discovered, the giant planet’s gravity had split 
it into a string of separate nuclei, each on a collision course with 
Jupiter itself. The impacts happened on the far side of the planet 
as seen from Earth, but I will never forget the experience of turn-
ing my small backyard telescope to the planet a few hours later 
and seeing clearly the striking bruise left in Jupiter’s atmosphere 
by the impact of the first large piece of the comet. I dragged my 
parents out of bed so they could take me to the larger telescope at 
school, and marvelled at a sight not seen for centuries.

More recent amateur observations have established that aster-
oids and comets hit Jupiter at least a couple of times a year, but 
SL9 was special because of the size of the comet and the sheer 
drama of the event. For a week or so, impact after impact caused 
bruise after bruise in the giant planet’s atmosphere, many of 
which remained visible for months following the impact.

These experiences made it seem sensible to us that a comet 
might have happened to break up just as Kepler started observing 
this particular patch of sky. People who actually understand 
comets disagreed. A typical comet nucleus is a small thing. That 
visited by the European Space Agency’s Rosetta probe and its 
famous bouncing lander, Philae, is just a few kilometres across.* 
Our comet would have to be the size of Ceres, the largest body in 

* Churyumov–Gerasimenko, since you ask, but commonly known as Chewy-
Gooey until it was pointed out that Churyumov and Gerasimenko, its discover-
ers, might not be amused.
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the asteroid belt. When discovered, Ceres was large enough to be 
considered a planet, but the increasing flood of discoveries 
quickly relegated it to being just an asteroid, a nineteenth- century 
parallel to the plight of Pluto in the twenty-first. Both are now 
technically classified as dwarf planets (much to the chagrin of a 
loud and very vocal minority of the planetary science community 
and the wider cacophony of shouty people online).

So we had either found the largest comet known, and done so 
just as it started to disintegrate, or we had no idea any more what 
the WTF star was up to. Others had ideas, and we heard a lot 
about one of them in particular. Jason Wright from Penn State 
and his colleagues thought that our discovery fitted perfectly 
with a research programme they had underway, and the title of 
their paper was certainly eye-catching. It’s called ‘The Ĝ search 
for extraterrestrial civilizations with large energy supplies IV. 
The signatures and information content of transiting megastruc-
tures’. It’s that last word that does it; mention finding alien ‘mega-
structures’ and the world and its dog starts to pay attention.

Specifically, the word ‘megastructures’ turned out to be catnip 
for journalists. It sounds just technical enough to make the story 
appropriately sciency, while not being so technical that it puts 
people off. The paper Jason and friends published (in the 
Astrophysical Journal no less—the premier US venue for astro-
nomical research) spends most of its time talking about how one 
might, if so inclined, use data to distinguish a transiting alien 
space station from the signature of an ordinary planet. The logic 
is that any sufficiently advanced alien civilization would want to 
make use of as much energy as possible, so rather than idling 
away on the surface of a planet like ours would seek to surround 
their star with fleets of orbiting solar panels. Often called in sci-
ence fiction a Dyson sphere, a spherical shell surrounding a star 
would be unstable. It’s best to think of many individual orbiting 
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spacecraft arrayed into a much larger ‘megastructure’—what the 
physicist Freeman Dyson called a swarm (Figure 28). Either way 
it would be a spectacular feat of engineering on the grandest of 
scales, but as the authors of the paper pointed out, clusters of 
swarming alien spacecraft would make a pretty good explanation 
for exactly what we see in the WTF star’s blinking.

So Planet Hunters volunteers may have been responsible for 
the discovery of alien intelligence, the most significant moment 
in astronomical history. Have they really? The press wrote the 
story up as if astronomers had seen green tentacles waving back 
from a passing spaceship. That fuss made the star famous, and 
ultimately led to an appeal on the web to fund Jason and Tabby’s 
efforts to keep an eye on their new favourite star.

Screaming ‘Aliens!’—or in this case, having the press scream 
‘ALIENS!’ on your behalf—turns out to be a good way not only to 
attract those who might want to donate to your research, but 

Figure 28 Artist’s impression of a Dyson swarm; what it might look like 
if an alien civilization surrounded their star with solar panels.
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also to get other astronomers to notice what you’re doing. There 
can’t have been a department anywhere in the world that didn’t 
discuss the star, if only in idle chat by the coffee machine, but 
conversation led to action at Harvard, where the observatory 
keeps a stack of historical images of the night sky. Most exist in 
the form of photographic plates, enormous things that could be 
strapped to the end of a telescope and exposed to record dim 
starlight. The Harvard observatory has spent a lot of time and 
energy scanning these things, turning relics sitting in an archive 
into useful, digital data, and it was quickly realized that the WTF 
star appears in more than ten historical plates, dating back to the 
late nineteenth century and stretching forwards to 1970 or so.

These historical records revealed the startling fact that the star 
has been gradually fading over the course of the century. This 
result started an enormous row among the handful of experts on 
such data, who disagreed about how long-term storage and the 
process of digitizing the plates might have affected the results, 
but more recent, careful analysis of the Kepler data seems to con-
firm the observed trend. The star is fading slowly and seemingly 
inexorably, regardless of the dramatic sudden dips that had 
drawn attention. My scientific instinct tells me that we’re looking 
for an explanation that ties together both unusual behaviours—
slow fade and sudden dips. Having one star behave oddly for two 
different reasons seems like a stretch, and so I reckon we’re 
searching for just one answer.

Clearly the slow fading of the star has implications for any 
alien civilization too. Perhaps they are still constructing their 
star-circling space station. In a note we published in the Journal of 
Brief Ideas,* with tongues firmly in cheek, Brooke Simmons and 

* This is a real thing—you can find our paper here: <http://beta.briefideas.
org/ideas/424bb64cf38eb9d7db0dae57dec3d28d>.

http://beta.briefideas.org/ideas/424bb64cf38eb9d7db0dae57dec3d28d
http://beta.briefideas.org/ideas/424bb64cf38eb9d7db0dae57dec3d28d
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I calculate their progress, assuming that the end goal is a full Dyson 
sphere which completely captures the star’s light. Assuming 
construction doesn’t slow down (or speed up), they’ve got about 
700 years left. We also noted in the paper that this probably 
meant that elections on any worlds responsible probably 
occur less than once a millennium, it being hard to fund infra-
structure projects anywhere if they last longer than a single 
electoral cycle.

By the end of 2017, though, there was still no clear consensus 
as to what was going on. New infrared observations suggest a 
surrounding dust cloud might be responsible for the slow fade, 
but not the dips. The leading hypothesis in my mind is that the 
star has recently swallowed a planet. Such an event, as modelled 
by exoplanet astronomers whose imagination knows no bounds, 
would apparently cause the star to brighten and then to slowly 
fade. Any remaining rubble, left over from the inevitable disinte-
gration of the planet, could be responsible for dramatic dips—
the explanation accounts for both halves of the puzzle, but more 
evidence is clearly needed.

Specifically, we need data taken during one of the dips by tele-
scopes larger than Kepler. A worldwide network of robotic tele-
scopes has been employed to keep an eye on the star, and plenty 
of other professional and amateur observers have joined in too. 
For a couple of years, nothing happened. And then, one other-
wise unremarkable day in May 2017, the star dipped once more.

This threw Tabby and her colleagues into a frenzy of activity. 
Just as we’d relied on the black market in telescope time to get 
that initial spectrum for the Voorwerp, so the team started call-
ing, begging, and pleading for people to observe the star. Some of 
this activity happened quietly, as applications for what’s known 
as ‘Director’s Discretionary Time’ (available slots in the personal 
gift of the observatory director) and programmes which allow 
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one to observe ‘Targets of Opportunity’ went in, but it also con-
sisted of frantic Twitter activity, with Tabby and others posting 
the latest data that showed the dip in progress and asking for 
help.

That meant we—the world—watched as the star dipped, 
recovered, and then dipped again. Debates broke out about 
whether the dip was the same shape as on previous occasions. 
Spectra were obtained and slowly the star returned to its normal 
brightness. What do the results tell us? Well, the mystery remains, 
but we know one thing—there is no alien megastructure orbit-
ing this particular star. We know that because observations were 
obtained during these 2017 dips in brightness which showed that 
how much the star dims depends on what colour filter you 
observe through. If you can detect only red light, you’ll see the 
star dim less than if you can only detect blue. This is not behav-
iour readily caused by solid objects (although some have—I think 
in jest—suggested that that we’re seeing alien Christmas lights 
hung on the ‘outside’ of their space station). Rather, it likely indi-
cates that the light is being blocked by something like a cloud of 
dust. We don’t have all the details yet, but we seem to be begin-
ning to close in on the end of the mystery.

Stories like those of the Voorwerp and WTF star are fascinating 
to me because they are the kind of thing I imagined astronomers 
did when I was that small kid with a telescope. The discoveries 
may be more about finding new ways to investigate the Universe’s 
mysteries rather than something to name after me, but who 
cares? This image, and this way of working, couldn’t be further 
from the usual rhetoric about the onward progress of ‘big data’, in 
which we solve problems by writing database queries.

So what had to happen for these discoveries to take place? 
First, large surveys—the biggest of big data—need to exist. You 
can only find the unusual by fishing in a very large sea; fewer 
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than 1 per cent of galaxies have a Voorwerp and the WTF star is 
at the very least only one in 150,000, and so we do need to collect 
many, many data points. Then we need to pay individual atten-
tion to each, asking if it is unusual and worthy of interest.

This step is what the Zooniverse projects provide. Professional 
astronomers couldn’t possibly look at each system individually, 
and—even better—people like Hanny become advocates for 
their objects. It’s not that the public are more curious or inter-
ested than professional scientists, but my guess is that citizen sci-
entists are more likely to interrupt their core task to consider a 
curiosity. We’re all walking along the same path, if you will, but 
if you’re not being paid by the mile you’re much more likely to 
stop and smell the flowers, and notice an interesting insect or 
two while you do so.

Enough data, and enough citizen scientists, and you can spot 
the truly interesting stuff, but that’s not sufficient. Not every-
thing that is interesting is significant. Galaxy Zoo volunteers 
found galaxies shaped like letters of the alphabet, and Alice 
Sheppard, our moderator, adopted a beautifully penguin-shaped 
galaxy as her avatar. Plenty of volunteers have been taken aback 
by the sight of a bright green streak shooting from one side of an 
image to the other—not (sadly?) an alien space laser but the track 
of a satellite captured by the telescope by accident. Here, the for-
ums that are attached to the project—and more to the point the 
communities that gather in and around them—are extremely 
important.

On projects where we’ve seen this sort of serendipitous dis-
covery happen, it’s usually been because of a community of citi-
zen scientists who can sort through the novel discoveries of 
thousands of classifiers, distinguishing the humdrum satellites 
from the unusual galaxies. Often, this group do plenty of work 
before turning to the professionals, aided by access to raw data 
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from public surveys; Daryll’s investigation of the strange WTF 
star is a case in point. Together with their classifying colleagues, 
citizen science communities provide a wonderful filter to iden-
tify the most unusual and interesting objects. That’s what I think 
is the greatest single reason for trying to preserve citizen science 
like the Zooniverse as machines get better; collectively we can 
find not only unusual objects but also new questions.

One way of thinking about this was given to me while listen-
ing to talks by the team behind another Zooniverse project, in an 
area far from astronomy. Shakespeare’s World asks volunteers to 
transcribe material from the sixteenth-century collections held 
by the Folger Library in Washington, DC, in order to try to help 
understand what life was like back then and to trace the history 
of language. The project is a distant descendent of Old Weather, 
and, as in that project, participants have paused along the way to 
investigate all sorts of curious finds.

A volunteer whose screen name is mutabilitie (sadly, we don’t 
know their real name) found a 1567 letter containing the lines 
‘Albeit I do assure you he is vnsusspected of | any vntruithe or 
oder notable cryme (excepte a whyte lye)’, the oldest recorded 
instance of the phrase ‘white lie’ by more than 150 years, now 
recorded in the Oxford English Dictionary. You can also see why the 
appearance of a recipe ‘To make mackroones or portugall farts’ 
drew the attention of volunteers; ‘farts’ were little, light pastries, 
no more than puffs of air.

One of the researchers concentrating on recipes for farts and 
other things, Lisa Wright, explained to me that what the volun-
teers were doing was a technique known as ‘close reading’, com-
mon enough in studies of literature. The idea is to pay attention 
to each individual word in a text, working out what each contrib-
utes as well as considering it in its own right. Of course, the prob-
lem is choosing where to focus, but here the volunteers were 
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providing close reading at scale. Because we have a crowd of 
volunteers, we can scan every word in a large corpus of material, 
or pay individual attention to a million galaxies. Unlike most 
attempts to use large data sets to do research, the point isn’t to 
take the traditional close reading—close study, if you prefer—of 
individual words or objects and replace it with some database 
query, clever visualization, or statistical analysis, but rather to 
keep the traditional method of analysis alive. The way the crowd 
behaves allows us quickly and collectively to home in on the 
examples where it will be of most use.

Citizen science, seen like this, is a way of finding the interest-
ing stuff and focusing rigorous, sustained, detailed attention on 
it. By being distracted, we can appreciate and try to understand 
the unusual. It’s a wonderful way to make discoveries, and a 
lovely way to do science. But does it have a future?



9
THREE PATHS

The Zooniverse project has grown so fast and so far that a 
decent description of all of our projects we’ve done would 

have filled this book and more. I recently spent a day trying to 
complete a single classification on the more than seventy pro-
jects currentlylive and wound up exhausted and overstimulated. 
In that day, I’d helped biologists map the ocean, had transcribed 
ancient Hebrew texts, done all manner of astrophysical tasks, 
and measured stuffed birds from the Natural History Museum 
collection. I used to know every project intimately, spending 
time thinking about the design and data of each, but especially 
since we launched a tool that allows researchers to quickly build 
their own projects instead of relying on web developers, those 
days are long gone.

What people are using our tools for is constantly humbling. 
Brooke Simmons, the member of the Galaxy Zoo team who led 
the work on bulgeless galaxies described in Chapter 4 and now 
an astrophysics lecturer at the University of Lancaster, has led an 
effort to try to build what she calls the Planetary Response 
Network. When a natural disaster happens, Brooke works with 
networks of first responders who will be flying in to help with 
the relief efforts. Sometimes, as with the earthquakes in Nepal in 
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2016, the area affected is so remote that there are literally no 
maps. In other cases, like during the Caribbean storms of 2017, 
the maps need rapid updating to reflect the effect of the disaster 
on roads, buildings, and even people.

It’s amazing stuff, made possible by the profusion of Earth-
observation satellites that now exist, capable of imaging any part 
of the globe at short notice. The companies that run these con-
stellations of cameras—most notably the Californian start-up 
Planet, who have more than 150 orbiting imagers—are also pretty 
generous with their data, making them available for genuine 
humanitarian efforts. The results are impressive too; in the case 
of the Nepalese earthquake Zooniverse volunteers identified an 
otherwise unmapped village within the affected zone, directing 
personnel from the UK charity Rescue Global to a place they 
might not otherwise have visited. The results of the Caribbean 
deployment were less spectacular, but those going to the aid of 
storm victims in Guadeloupe, Dominica, and Puerto Rico used 
maps which included contributions from volunteers. We’re now 
working hard to make it easier to include new sources of images 
so that we can respond faster in the event of future crises.

When Galaxy Zoo started, we couldn’t imagine doing any-
thing like this. While Earth observation—taking pictures from 
space of our home planet—has long been a major reason to 
launch satellites into space, the availability of images that are 
sharp enough to pick out details such as a landslide blocking a 
road was until recently almost exclusively limited to the military, 
along with other government agencies and their partners. Even 
when high-resolution images were released, they were typically 
out of date; scheduling a sudden imaging campaign following a 
disaster was next to impossible. Now, the situation is completely 
different. I’m sure military technology has moved on too, but the 
small-satellite revolution has changed the game entirely.
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The way that space technology has moved from being about 
cutting-edge, specialist tech to being about clever reuse of com-
ponents developed for other things—including your mobile 
phone—is a story whose consequences I think we’re still trying 
to understand, but its effects are becoming clear. Because satel-
lites are cheaper, more can be launched.* Because more are up 
there, the chances of one flying over any given location in the 
next hour or so have increased dramatically, so up-to-date 
images are easier than ever to obtain. At the moment, most of 
this data is private, used by commercial companies for every-
thing from assessing traffic flows to directing fertilizer spraying 
in fields of crops, but I think the day is coming when either public 
space agencies like the European Space Agency or NASA, or pri-
vate companies with different business models, will make large 
amounts of high-resolution Earth imagery open to anyone for 
free. At that point, as long as the tools to use this wealth of data 
are also made available, we should expect a flood of citizen sci-
ence projects similar to that seen in astrophysics in the last 
 decade.

What might those projects look like? There are already 
examples of craters associated with asteroid impacts being spot-
ted in satellite images; one, the Kamil Crater in the middle of the 
Egyptian Sahara, is forty-five metres across and sixteen metres 
deep, yet was first identified by scientists using Google Earth! We 
have had projects pitched to the Zooniverse that want to use sat-
ellite imagery to assess the number of street traders in southern 
African cities, and thus work out how much of the country’s 
economic activity might be taking place in this informal way 

* The increasing number of ways of getting your satellite to space helps too; 
Elon Musk’s SpaceX have played a large role in making it cheaper to launch 
things, but there are plenty of innovative companies building small and medium-
size rockets capable of launching whole constellations of satellites.
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rather than in the more traditional economy that shows up in tax 
returns. The number of suggested projects which involve assess-
ing human activity around the world is increasing, though so far 
we haven’t promoted any of these projects on the Zooniverse 
platform; we need more advice from people who aren’t moon-
lighting astronomers before I’m comfortable.

More obscure projects are possible too. My favourite example 
is an attempt to settle what is apparently a vigorous scientific dis-
pute between two sets of researchers. One group believes that 
cows are sensitive to magnetic fields, and will tend to align with 
the prevailing field (the magnetic field, not the farmer’s field), 
while another thinks this is nonsense. The only way to settle the 
matter is to collect more data. Cows are visible in many satellite 
images, so all one would have to do is find a set of volunteers will-
ing to mark bovine orientation on a sufficiently large number of 
images.

The examples and possible projects seem endless. But things 
are very different now from the time the astronomical citizen 
science revolution was beginning, as you’ll have gathered. Ten 
years on, the idea of it being a novel thing to invite the public to 
participate seems quaint, and new projects don’t get the kind of 
media attention that drove the initial success of Galaxy Zoo. 
More to the point, machine learning has improved to the point 
that building an image analysis project without considering the 
complex interactions between humans and machines seems 
negligent, if not downright unethical, in the way it would waste 
people’s time.

So what future does citizen science of the sort carried out by 
the Zooniverse volunteers really have? I’m going to concentrate 
on my home turf, on astronomy, and even here I think there are 
three different possibilities, three possible paths that we might 
find ourselves on which lead forward from where we are now. 
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Which one we end up with will depend on how much effort 
we’re prepared to put into open collaboration, and what kind of 
science we want to do. I hope that as many projects as possible 
will make the right choices; we certainly intend to.

The first scenario is the one we will reach if we don’t do any-
thing about it. It seems obvious that the current improvement in 
machine learning, powered by research carried out not only in 
the computer science departments of universities but also by the 
increasingly large machine learning teams at Google, Facebook, 
and in the rest of Silicon Valley, will continue. Companies from 
these giant firms all the way down to the newest start-up clearly 
see being ahead in artificial intelligence as essential for twenty-
first-century business, and while at present that mostly means 
having a larger labelled training set to teach your robot new 
tricks, it also includes innovation in techniques, many of which 
are aimed at the kind of problems we encounter in astronomy.

You can make a reasonable case that machines—specifically 
convolutional neural networks—can now be trained to do basic 
galaxy classification as well, if not better, than the crowd. If you 
just want to split spirals from ellipticals, for the vast majority of 
systems no human intervention is necessary, and it is beginning 
to look likely that a system trained on one survey, such as Sloan, 
may be able to cope easily with galaxy images coming from com-
pletely different surveys and therefore with different depths, col-
ours, and characteristics. This is happening partly because 
splitting spirals from ellipticals is the easiest of the problems that 
Galaxy Zoo posed to its crowd of volunteers, and partly because 
it is the question for which we have the largest volume of data 
with which to train the machines.

It shouldn’t be a surprise that this question might pass from 
the realm where we need human intervention to that where 
machines rule. The same thing happened to the task of separating 
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images of galaxies from stars, the latter appearing as sharp 
points, easily contrasted with the fuzzy blobs of distant star sys-
tems twenty or thirty years ago. I wrote in Chapter 6 about the 
supernova-hunting project that put itself out of business in just 
this way. What of questions where the training data is not so 
abundant?

My group in Oxford now includes a PhD student who is an 
expert in machine learning (and critically, articulate in explain-
ing it to the rest of us). Mike Walmsley has just finished working 
on a specialized neural network that can find the faint structures 
around galaxies which indicate a past merger. Looking for these 
faint tails of stars is important if we want to understand how 
 normal galaxies react to collisions—it’s sort of the opposite tech-
nique to finding the bulgeless galaxies I discussed in Chapter 4. 
Bigger collisions (those with more massive galaxies) leave more 
debris, so at least in theory there’s also the chance of reconstruct-
ing the crash that led to stars being scattered out of the main gal-
axy itself, if only we can find them. The trouble is there are very 
few surveys where experts have done the painstaking work of 
sorting through the images themselves.

Nonetheless the results, despite the handicap of a small train-
ing set, are pretty good. The network is indeed capable of finding 
galaxies which show signs of a merger. It’s not perfect, matching 
expert classifications 80 per cent of the time, but that’s a huge 
advance on where we were before. In the old days of 2007 or so, 
we’d have set up a citizen science project to gather more training 
data and to try and improve this figure. A few years ago we might 
have looked at how to combine human and machine classifica-
tion, like we did in the supernova project. But in this machine-
optimistic scenario, another year or so’s work will break the back 
of the problem, and we can expect the robots to win before too 
long. If neural networks really can be adapted to deal with such 
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small training sets, then we won’t need large numbers of classifi-
cations from volunteers.

Progress might come from more of Mike’s work, which uses a 
new kind of neural network introduced to us by a colleague in 
computer science, Yarin Gal. This network not only classifies 
things, but can tell us how certain it is about its classifications. 
It’s thus producing data which is of the same kind as that pro-
duced, collectively, by Galaxy Zoo volunteers. By the time you 
read this, we’ll be running it alongside the main project, and 
incorporating its results into our decisions about galaxies.

Another major area of research in machine learning is in 
finding unusual objects. Actually, that’s not quite true. Finding 
unusual objects—the images in the original Galaxy Zoo data set 
of nearly a million galaxies that look least like the others, for 
 example—is not a hugely difficult problem. As I wrote earlier, the 
difficult bit is finding unusual objects which are actually interest-
ing. It’s one thing to pick out the images where the camera mal-
functioned, where a bright star overwhelmed the chip or where 
someone turned a light on by mistake, but quite another to find 
the peas and the Voorwerp among that pile of images which are 
occasionally visually interesting but mostly scientifically junk.

Still, progress is being made. Techniques which use ‘clustering’—
sorting similar images into piles—look promising. If you end up 
with many piles with a few images in, it’s not a huge amount of 
effort to decide which of these outliers are truly interesting. 
Future surveys might do this as a matter of course, with their 
professional astronomers presented with a few representative 
objects from each class for consideration.

Perhaps this focus on the unusual is in any case wrong-headed. 
If astrophysics is heading for a future where we produce truly 
enormous data sets then we might have no choice but , like 
Dr Strangelove, to stop worrying and learn to love the algorithm. 
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Maybe we can get more insight from things that occur often than 
from the odd weird exception. Particle physicists at the LHC are, 
for the most part, already living in this future; as mentioned in 
Chapter  1, if some completely unexpected cascade of particles 
happens in this most massive and sophisticated of experiments, 
it will be discarded by a system looking for specific triggers. The 
LHC detectors simply couldn’t operate any other way without 
being completely overwhelmed by noise.

Cosmologists, too, seeking to discover type 1a supernovae so 
as to measure the effect of dark energy in the acceleration of the 
Universe’s expansion (see Chapter 6) may not mind if explosions 
that don’t fit the expected pattern are discarded. If you can find 
enough supernovae of the right type, you may even get better 
results by assembling a nice, well-behaved group rather than 
including anything odd. For predictable science, where we’re 
testing well-defined hypotheses—something that would fit well 
into the science fair I described in Chapter 1—trusting the 
machines and hoping we end up in this future might well be a 
sensible way to go.

A second possible future is one in which, though machine 
learning continues to improve, we never really break free from 
the tyranny of the training set. The techniques that are driving 
the artificial intelligence revolution simply are, like an easily dis-
tracted student, dependent on being walked through example 
after example after example.

There are some ways of dealing with this. Techniques like 
transfer learning, where a neural network or other solution is 
trained on one survey before most of its guts are used to con-
struct a new network capable of dealing with a different data set, 
do make things easier. A network trained to recognize animals in 
the Serengeti will do pretty well when deployed on images of 
wildlife in the US; though the species are different, the layers of 
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the network that identify the animal amid the background will 
be shared between the two problems.*

For a project like the LSST survey, where there are a thousand 
different scientific investigations that all need access to the same, 
consistent data set and where rare objects matter, it’s less clear 
what the solution is. After all, finding unusual and unexpected 
objects is part of the reason we build telescopes like this; when-
ever we’ve done something fundamentally new, in this case 
monitoring such a large area of sky this frequently with such a 
powerful instrument, we have found new things.

And if LSST is going to challenge machine learning, then once 
the data from the radio astronomers’ new toy, the SKA, starts 
flooding in then we’ll really be in trouble. In this scenario, the 
problems faced (and caused) by scientists in general and by 
astronomers in particular are odd enough that whatever Silicon 
Valley gets up to we’ll need help ourselves.† This means that well 
into the next decade, we’ll need plenty of classifications from 
humans and their expert pattern recognition systems. Indeed, 
looking at what’s coming, the existing effort across all Zooniverse 
projects won’t be enough to cope.

We need to get smarter if, in this reality, we’re going to pre-
serve a space for citizen science. Probably the easiest way to do 
this is to recruit more volunteers to help. (Despite this being a 
vision of the future I’m making up, let’s assume that even in this 
universe it’s not the case that millions of people have read this far 

* This sort of work is being led for the Zooniverse by Lucy Fortson’s group at 
the University of Minnesota.

† This isn’t completely unrealistic; there aren’t too many cases where the 
most important things are the rarest objects, or where such precisely accurate 
classifications are required. If Facebook identifies the wrong friend in a photo, 
it’s at worst slightly embarrassing, and is unlikely to lead you to predict the 
wrong future for the Universe.
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so as to be inspired to rush to the keyboard and contribute). I’m 
sure there’s more we could do,* but to really tackle the bulk of 
LSST let alone SKA data we’ll need an enormous increase in the 
amount of effort available.

The answer may be staring us in the face. If human beings are 
game-playing creatures, then maybe we should build games 
rather than citizen science projects. Indeed, the first moves in 
this direction have already been made. Eyewire is a project run by 
researchers at MIT, who want volunteers to help map the com-
plex structure of neurons in the brain. Volunteers see slices of the 
complex tangle of cells and are asked to separate the structures 
visible in the images from the background; additional help and 
complication is provided by the fact that these are in fact three-
dimensional objects. It sounds complicated, but the team have 
provided an engaging and interesting interface that has attracted 
tens of thousands of volunteers to help, producing results that, in 
a preliminary study, were impressively accurate.

Eyewire participants also chat to each other, and to helpful 
chatbots which offer advice, in real time while they’re classifying. 
It’s a much less isolated experience than our Zooniverse projects, 
where the act of classification is performed in sacred solitude so 
as to prevent groupthink (as we’ve seen, discussion and collabo-
ration through our forums happens after the initial classification 
is recorded). Eyewire volunteers also score points for their par-
ticipation, and an ever-growing set of challenges and competi-
tions aims to make the game more engaging, and to bring 
classifiers back for more.

A recent email newsletter sent to me and the worldwide net-
work of my fellow Eyewire volunteers gives you the idea. During 

* Have you considered buying a copy of this book for a friend? Or three? Or 
for everyone you know?
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the summer of 2018, alongside the real thing in Russia there was 
an Eyewire World Cup. Participants representing a country had 
their effort counted towards their team’s total, and could win 
‘buckets of points, six new badges and speciality swag [they’d] 
only be able to get if [they] participate’.

These are the techniques of modern software development 
and game design, being used here to drive people towards taking 
part in a scientific project. I’m an enthusiastic participant in the 
project, so please don’t think that I consider the idea of point col-
lecting and competitions beneath me. The reality is quite the 
opposite; their techniques work especially well on me!*

Others have gone further, and made a game of the science 
itself. Probably the best known of these projects is an old one, 
 predating even Galaxy Zoo. Fold.it asked volunteers to investi-
gate the three-dimensional structures of proteins. In many cases, 
we know the basic chemistry of these important biological mol-
ecules in the sense of being able to write down what connects to 
what. However, secondary effects as the atoms bond together 
will cause the protein to twist and buckle in a way that is cur-
rently very hard to predict; it’s impossible to calculate, and any 
automated search for a likely solution runs the risk of getting 
stuck in a local minimum, a possible solution that looks plausi-
ble (technically, it’s likely better than any solution that is similar 
to it) but which has not been tested sufficiently to find out 
whether it is overall the best.

Exploring a vast range of possibilities to find a good solution 
to a problem like this is another type of task that humans have 
evolved to be good at, just like the more basic pattern  recognition 

* I am, in fact, a sucker for this sort of thing. I have an enormous pile of coffee 
shop loyalty cards from places I will never again visit, and have used the 
Foursquare app to check in everywhere I’ve been since 2011.
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that we in Zooniverse have been using all this time. Once a struc-
ture is proposed, it is easy to calculate its energy, based on the 
interactions between the various components. The game is to 
look for the lowest energy structure, as we trust nature to have 
found a way to fold proteins efficiently. All this effort is import-
ant because it is the three-dimensional shape of a protein that 
determines how it interacts with other molecules, particularly in 
the complex and not fully understood dance that is molecular 
biochemistry.

The results from Fold.it have been great, with players often 
outperforming the best computer science efforts at attacking the 
same problem in large competitions and challenges designed to 
test protein-folding methods. Sometimes the best players turn 
out to be those with some sort of relevant expertise, but more 
often the game finds people who turn out to have an instinct for 
how to play. Because the ‘rules’—things like the angle at which 
hydrogen atoms can be placed—are encoded in the game itself, 
Fold.it players don’t need to know any chemistry at all.

It’s a neat solution, and the game is actually quite fun to play, 
even if I can’t get past the first few levels. I’ve never been patient 
with puzzles, but it seems I’m not that typical. A few years ago, 
when I visited the Fold.it team at the University of Washington, 
they told me that at any one time a few people are deep enough 
into the game that they’re providing real and useful results, while 
most players are still learning. If the number of useful players 
drops too far, the team will run competitions or advertise to 
encourage a new cohort of Fold.it players to work their way 
deeper into the system. The entire structure of the game is a con-
veyor belt designed to carry the best players onward to the point 
where they’re working on scientifically useful data.

It would be possible to play Fold.it without realizing it had a 
scientific purpose at all, though I doubt anyone does so. Other 
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teams have gone even further, disguising citizen science projects 
within existing games. Probably the most ambitious example is a 
Swiss project that created a mission within the science fiction-
themed online multiplayer game, Eve Online. Players of the game 
can choose to review data from Kepler in the hope of finding a 
planet, but also in order to receive rewards in the form of the 
game’s internal, online currency. The experience is noticeably a 
bit odd, but in essentials indistinguishable from the experience 
of completing one of the other missions within the game world 
itself.

With millions of people taking part in such games, here, per-
haps, is the crowd we need in order to cope with the data sets of the 
future. In this imagined future, projects like those hosted on the 
Zooniverse will become both more ubiquitous and almost com-
pletely invisible. In fact, the more invisible they become the better, 
as the more seamlessly they can be integrated into the games 
we’re playing anyway the more people will take part. Instead of 
having to make the choice to participate in science, something 
which many people find intimidating, it will just  happen.

Will this work? Maybe. Half a million people took part in the 
Eve Online planet hunting experiment, though I haven’t seen any 
discoveries come from it yet. That’s not too surprising, as these 
things take time, but it will be the acid test of whether the project 
has succeeded. (A similar effort, which involved more than 
300,000 players in the task of labelling features in high-resolution 
images of cells, has recently produced a paper which shows that 
the technique works, at least in this one case.) Even our modest 
experiments with gamification in the original Old Weather 
project (described in Chapter 4) seemed to work well. All we did 
was give people a rank when they started transcribing records 
from a ship, and yet it seems to have encouraged some people to 
work very hard indeed. One ‘ship’ in the project was, I’m pretty 
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sure, a building—a training facility given, as is normal in naval 
tradition, a ship’s name. Despite the fact that it didn’t go any-
where, people dutifully worked their way through the log book. 
(I haven’t followed this up, because the implications of being able 
to inspire people to work their way through the log of a building 
pretending to be a ship scare me a little.) With the help of games 
designers, maybe we can hide enough tasks that citizen science 
even at the scale needed for these big surveys will become pos-
sible, and all without anyone knowing they are participating.

This second future reality is efficient, and science gets done, 
but I’m not sure I like it. Actually, I’m certain that I don’t. I’ve 
tried in these pages to convey not only my excitement about the 
results of our projects, but that of the people who get caught up 
in them. Participation in Zooniverse projects gets science done, 
but it’s more than that. A study led by Karen Masters, Galaxy 
Zoo’s project scientist (and now the elected spokesperson of the 
entire Sloan Digital Sky Survey), which asked questions of volun-
teers while they were classifying, showed that people who par-
ticipate in such projects learn things.

They learn things, in fact, that they couldn’t have learned from 
the projects themselves. In other words, taking part in, say, 
Galaxy Zoo, inspires people to go out and seek out more infor-
mation about the Universe. The projects act as an engine of 
 motivation, creating a cohort of people who are actively seeking 
information they never knew they wanted. Think of Planet 
Hunters finding the details of transiting planets, or Old Weather 
participants digging into naval history, or any of the other byways 
and distractions we’ve inspired. Gamifying the experience—hid-
ing the science behind a thin veneer of play, making it feel less 
like real science and more like any other game on your phone—
might make projects more efficient, but it would kill this most 
important side effect of participation stone dead.
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You can see this in the studies researchers have done of the 
effect of even the simple gamification—the ranks on board the 
ship—that we added to the Old Weather project. Volunteers 
they interviewed said that the game worked as designed, in that 
it made them more likely to do more work, but there was 
another, more disturbing result. Instead of describing partici-
pating as fun and interesting, they suddenly used language that 
made it seem like work. One volunteer, anonymous in the 
study, said that though they made it to captain they found it 
stressful trying to stay ahead. So our options in reality two, 
where we need to resort to either hiding the task within a game 
or to using the kind of manipulation of reward that makes people 
feel like they’re burdened with a task, are between projects 
which don’t change people’s thoughts about whether they can 
participate in science and those that feel like you’ve taken on a 
second job. In this reality, science is still reserved for the clever 
few who capture the attention and time of others through 
design, using the resulting effort for their own purposes. 
Participants are motivated not by curiosity, but by competi-
tion. It may be effective, but it seems a long way from the best 
that we could manage.

I want us to live in a third reality. This one is going to take some 
work, I think. It’s a universe in which we don’t need to rely on 
advances in machine learning to get the best out of the wealth of 
scientific data that we now have access to. It’s one where human 
intuition and pattern recognition are still needed to get the most 
from data, even when machines are good at classification them-
selves. I feel pretty confident that this is indeed part of the reality 
we live in; though the recent advances in machine learning have 
been breathtaking, I think that our science is weird enough and 
our requirements exact enough that there will be a human 
 element to it for a long while yet.
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However, as I’ve repeatedly stressed, our ability to collect 
information about the Universe continues to astound. We 
shouldn’t expect the pace at which new data flows in to decrease, 
nor should we expect it to become less open.* Because I want to 
keep communities of volunteers consciously participating in sci-
ence, with no hiding in games, this means accepting that we 
won’t be able to rely on citizen scientists to do all the work.

We’ve already opened the door to a solution. The supernova 
project showed that when humans and machines classify in con-
cert, the outcome can be better than either working alone. I 
reckon that machines, as they improve while the surveys grow, 
will take on more of the burden, leaving the volunteers to review 
the unusual, the unexpected, and the interesting. The work 
comes in deciding how to divide the effort in such a way that 
allows the most interesting objects to be found; this probably 
means wading through a lot of confusing images or, for some 
projects, a lot of junk with little inherent interest. We need to 
understand how participants in Zooniverse projects want to 
work alongside the robot colleagues that my clever machine-
learning colleagues are building for them.

This isn’t a problem unique to us. In clicking your way around 
the material that Facebook chooses to show when you log in, 
you are in some sense collaborating with its algorithms. You are 
providing information about what the site should do next, which 
it responds to by showing you things it thinks you want to see. 

* I’m somewhat dismayed that the LSST project has now taken money from 
international collaborators, including those of us in the UK, to help fund its 
operating costs in exchange for privileged access to data. I hope the leadership 
will see sense and, despite the need for cash to keep the lights on and the servers 
humming, find a way to go back to what was once imagined as the most open of 
projects, with data freely shared and available to everyone. The sky the telescope 
will scan, image, and monitor, after all, belongs to no one, and there is certainly 
plenty of science to go round.



Thr ee PaThs  243

More precisely, it will show you some combination of what it 
thinks you want to see, content that is most likely to expand the 
time you choose to spend on Facebook and content such as 
adverts that is profitable for the platform.

I hope that makes your skin crawl just a little. I think we’re just 
beginning to understand how our attention is being manipulated 
on the internet, and to work out how to talk about it. I think that 
setting up a project like Galaxy Zoo, but with machine-learning 
classifiers actively working alongside human ones, is a fascinat-
ing problem which allows us to think about what we want. Even 
simple examples pose dilemmas. One worry is that if we allow a 
neural network to take the images it is most certain about away 
from classifiers then our poor humans might lose the brightest 
and most interesting images faster than the faint blobs, which are 
harder to classify. If we assume that people are, for all that they 
tell us they’re in it for the science, partly interested in the bright-
est and most interesting galaxies, even if subconsciously the 
dopamine hit of suddenly seeing something spectacular keeps 
them classifying, then in allowing the machine to remove pre-
cisely these galaxies from circulation we have built a project 
which gets progressively less appealing over time.

Yet we have a problem. I can’t just put the bright galaxies back 
in the pot without compromising on the promise, implicit in any 
citizen science project and explicit on the Zooniverse, that any 
work done by someone will actually be used. I experienced an 
early warning that this was going to be difficult when we shut 
down our original supernova project. As I said earlier, that deci-
sion was triggered when the researchers involved switched to an 
automatic classifier, and told me that they would no longer use 
the results of of citizen scientists’ efforts.

On the face of it, an easy decision. The classifications were not 
being used, so we no longer had a project worth participating in. 
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Yet the participants, many of them dedicated people who would 
come back whenever new data was released, searching for super-
novae time and time again, were not happy. I ended up calling a 
few of them to understand their views, and they were pretty 
unanimous in the fact they wanted their work to be used, for sure. 
No one I spoke to would participate in the project if we told them 
that we would just throw the results away. But they didn’t under-
stand why the researchers would switch to an automated system.

The researchers, I think, saw the automated system as just eas-
ier to understand. Given that a modern convolutional neural net-
work can be essentially a black box, as inscrutable at least as the 
average person, I’m not sure that this is justified, but I see why 
they might think like that. We didn’t think clearly enough about 
what this would feel like to the volunteers. One day they were 
contributing classifications that made a real difference scientific-
ally. The next day they weren’t, even though from their perspec-
tive nothing had changed; it’s not as if they suddenly got worse. 
What had seemed to be a collaborative project was suddenly 
looking rather one-sided.

I think what we got wrong here was the lack of control we gave 
the volunteers, suddenly wrenching their project away from 
them, and I think that’s the key to how to cope with the com-
plexities of this third reality, when we combine human and 
machine classifications. If we give people control over what they 
see, they can make their own decisions about how they want 
things to run. I really like the idea of a project that says, ‘We know 
if we give you more beautiful galaxies (or spectacular penguins, 
or interesting texts) you’re likely to stay around longer. These 
classifications won’t count, but do you want to see these images 
anyway? If so, how often?’

That seems honest and interesting, and I hope will lead to a sys-
tem that can cope with the majority of the data heading our way. 



Thr ee PaThs  245

If we don’t do something like this, I worry that we’ll miss out on the 
most unexpected of finds. On the contrary, I think we’re likely—if 
we get it right—to be overwhelmed with interesting things.

Imagine a typical night, a few years from now when LSST is 
operating. As the Sun sets over the Chilean Andes, the dome 
containing the telescope opens up to allow it to cool in the cold 
night air. As the sky darkens, the enormous beast of a machine 
inside starts to methodically work its way across the sky, never 
pausing in one place for very long but often flicking back to 
where it has already been, to keep an eye out for asteroids and 
other rapidly moving or changing phenomena.

As the telescope and its camera work away, the images it takes 
are flowing digitally away from the mountaintop observatory 
and out into the world. They will soon end up at the US National 
Supercomputing Center in Illinois, where code will compare 
each one to previous images of the same field, checking the 
brightness of millions of objects. In any given image, millions of 
times a night, some object or other will be found to have changed 
in brightness, or to have apparently appeared from nowhere—or 
vanished completely.

LSST deals with this by issuing an alert, a public declaration of 
something happening in the sky. Its massive database, eventually 
laden with the fruits of ten years of surveying, will provide details 
of the history of each source. And then it’s up to the rest of us. 
Software ‘brokers’ will try to filter this unprecedented torrent of 
data, sending the cosmologists pristine type 1a supernovae and 
planetary scientists a steadily growing list of candidate asteroids 
and Kuiper Belt Objects. One of these brokers will be listening 
too, but it will have a different job, directing objects to the screens 
of volunteers around the world.

Alerts will ping on a thousand mobile phones; something has 
happened in the sky, and we need your help. By the time the Sun 
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rises in Chile, tens of thousands or maybe hundreds of thousands 
of images will have been inspected by a crowd consisting of both 
the astronomically passionate and the mildly curious. Sunrise in 
Chile means that it’s nearly night in Australia, and we’ll need to 
have identified the most interesting things by the time telescopes 
there are opening for the evening.

Maybe the centre of a nearby galaxy has brightened because 
something is falling into its black hole. Maybe a slow-moving 
object looks like a promising contender to be the latest member 
of the swarm of bodies out around Pluto. Maybe we caught a 
planet in transit in front of a star, or just the star itself behaving 
badly. Whatever the case, contributions from people like you 
will help determine what happens next. As the Earth spins, tele-
scopes in Hawai’i and the Canary Islands and in South Africa join 
in; for the most energetic events, information from space-based 
satellites will be added to the mix.

For each of these events, triggering the worldwide network of 
observatories to stare at the right place is merely the start. 
Understanding what they are telling us will take a lot of time, and 
will overwhelm professional astronomers like myself. As data 
becomes more open, we’ll see networks of citizen astronomers 
spring up to discuss and debate their favourite objects. Some of 
the participants are undoubtedly already experts in the field; 
some will bring skills that are of great use, and others just a will-
ingness to learn. They will talk to and collaborate with the 
increasing number of scientists who have discovered just how 
powerful working in this way really is.

Between us, in this best of all possible worlds, we will have 
built a new way of exploring the Universe: something that takes 
the best features of Galaxy Zoo and Planet Hunters and all the 
other projects from the last decade and turns them into some-
thing even more inclusive, more powerful, and above all else 
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much more fun, as volunteers control not only the discovery 
but the investigation of the things that are uncovered. I hope 
that if we look back in a decade’s time at twenty years of citizen 
science through these projects, there will be a completely new 
crop of strange anomalies and curious objects to talk about. 
I would be very, very surprised to find myself in any reality other 
than this one.

It does, however, need you. You and your very human talent 
for pattern recognition and for being distracted from a task. You, 
with your curiosity and interest and willingness to spend just a 
few moments in your day doing something in contemplation of 
the Universe. You, with just a little time to join with millions of 
others so that collectively we can all achieve amazing things. 
Making the best of our capacity as a species to explore the 
Universe, and to understand the world around us, I believe, 
depends on finding a way that everyone on the planet can partici-
pate as an active observer and interpreter of the data that’s now 
available. If we really can get everyone to join in—even if only for 
a few minutes—with this great endeavour, who knows what we 
might find, sitting out there and just waiting to be discovered.
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