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Introduction

Edwin Hubble: ‘Equipped with his five senses, man explores the Universe around him and calls the adventure science.’

Ever since our distant ancestors first looked up at the night sky and wondered what all those twinkling lights were, we have been mesmerized by the heavens. The stars featured heavily in ancient beliefs: to the Mayans, the Milky Way was the World Tree that linked the underworld with heaven; the Aborigines saw the shape of an emu in the stars; the mythologies of Ancient Greece and Rome have been immortalized in the names of planets, stars and constellations.

Ancient people incorporated celestial bodies into their cultural stories to make sense of the world in the millennia before science overcame astrology. But the urge to understand the Universe is the same today as it always was. We are fortunate to live in an age of science, when we can learn things about those twinkling lights that the ancients could scarcely dream of.

This book shows what science has taught us about the Universe, a vast expanse that is 13.8 billion years old and stretches for at least 93 billion light years and probably much further. It tells the story of our Universe from its distant beginnings to the farthest future, and introduces readers to the laws and forces of the cosmos, as well as to its leading denizens.

Structure

Neil deGrasse Tyson: ‘We are all connected: To each other, biologically; To the Earth, chemically; To the rest of the Universe, atomically.’

When we look out into the Universe, we see structure. Stars are not everywhere; they are bound into vast agglomerations we call galaxies. Those galaxies cluster in groups, and the widest surveys of the cosmos show that these clusters are aligned along enormous filaments made mainly from dark matter. These filaments criss-cross, forming the ‘cosmic web’ that is the overarching structure of the Universe. On the largest scale, gravity and electromagnetism hold the Universe together. At the other end of the scale, subatomic particles form the foundation of matter. This chapter describes the various lynchpins in cosmic structure and introduces some of the scientists who increased our understanding of it.

History and Future

Maria Mitchell: ‘Do not look at the stars as bright spots only. Try to take in the vastness of the Universe.’

If the history of the Universe were condensed into one year, homo sapiens would have arisen at 11:52 pm on 31 December. We are but a recent footnote in the story of cosmic evolution.

The history of our Universe was dictated by events that occurred in an even shorter time span – the first second after the Big Bang. It is in this very early era, when the disciplines of cosmology, particle physics and quantum physics collided, that the family tree of particles grew, and the fundamental forces governing them came into their own. The Universe was still small enough that quantum effects could affect the entire cosmos, with repercussions that endure to this day.

Components

Martin Rees: ‘There are at least as many galaxies in our observable Universe as there are stars in our galaxy.’

When scientists take an inventory of the Universe, they must include all its mass and energy. Some 69 per cent of the Universe is made from dark energy, a mysterious force that causes the expansion of the Universe to accelerate. Another 26 per cent of the Universe is made from dark matter, a substance that does not interact with light. Finally, a mere 5 per cent of the Universe is ordinary matter that we can see, smell and touch. This 5 per cent makes up the trillions of galaxies, stars, planets, moons, asteroids and interstellar dust and gas that we can observe stretching all the way to the cosmic horizon. This chapter describes these and other types of object in the Universe that make up the 5 per cent.

Theories

Carl Sagan: ‘If you want to make an apple pie from scratch, you must first create the Universe.’

Here we look at how the structure, history and components of the Universe tie together. The word ‘theory’ is often misunderstood. A theory isn’t just an idea – it’s a conceptual framework that supports predictions based on observations and a body of evidence that supports that theory. From the detective stories behind our understanding of cosmic inflation, stellar evolution and planet formation to the inspiration of Einstein’s theories of light and gravity, it’s all here in this final section.

Distance units

The scale of the Universe inevitably involves huge distances, and objects at scales vastly larger than those we encounter in everyday life. Throughout this book, therefore, we use some of the following units for brevity and readability.

Astronomical Unit (AU): Used in measurements of solar systems, this is roughly the mean distance at which Earth orbits the Sun – 149.6 million kilometres (93 million miles).

Light year: This widely used unit is equivalent to the distance travelled by light in one Earth year – roughly 9.5 million million kilometres (5.9 trillion miles).

Time

The history of the Universe takes place across billions of years, but the timescales can vary widely. Some crucial events took place just fractions of a second after the Big Bang; other processes took millions or even billions of years. In the History chapter, we date events based on the time elapsed since the Big Bang. Since time began with the Big Bang, we refer to the Big Bang as being at T (time) = 0. Every subsequent event is T +.

Scientific notation

When dealing with very large or small numbers, we occasionally use the form a × 10b. In this scientific notation (used to reduce the number of digits needed to write very large or small numbers), a is the ‘mantissa’ (the most significant figures in the number), while b is the ‘exponent’ – the number of times 10 would need to be multiplied by itself in order to represent the decimal equivalent.

For example: 103 = 10 × 10 × 10 = 1,000, so 3,400 can be written as 3.4 × 103.

Note that a – sign before the exponent represents a negative power thus:

10–b = 1/10b

So for example 10–6 = 1/1,000,000, and 0.000003 can be written as 3 × 10–6.



How to use this book

This book is divided into four parts – Structure, History and Future, Components, and Theories – each exploring a different way of looking at the Universe: what it constitutes; the timeline of cosmic history; the bodies that inhabit it; and the laws and forces that govern it. There’s information on astronomers, details of important moments in astronomical history, and useful cross-referencing.
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The Universe • Spacetime • Distribution of Matter • Bound Systems • Diffuse Matter • Stars • Non-luminous Objects • Elements • Subatomic Particles • Fundamental Forces

The Universe

Edwin Hubble: A Spiral Nebula as a Stellar System, Messier 31 Mount Wilson Observatory, USA • 1924–29

The Universe is everything around us; it is the entirety of existence. It is filled with matter that congregates to form asteroids, moons, planets, stars, galaxies, and clusters of galaxies, all surrounded by mysterious dark matter.

The Universe is old. It began 13.8 billion years ago in the Big Bang, and has been expanding ever since. In 1998 astronomers discovered that the rate of this expansion is accelerating, driven by some unknown force that we don’t understand, and which scientists have labelled ‘dark energy’.

And the Universe is huge. For the parts of the cosmos that we can see – known as the Observable Universe – estimates suggest that space extends for 93 billion light years across. The horizon, or edge, of this Observable Universe is defined as the distance for which light has had time to reach us during the history of the Universe. There’s still much more of the Universe over that cosmic horizon, but the Universe is so big that light hasn’t yet had time to reach us from there.

To get a feel for the size, one light year is approximately 9 trillion kilometres (6 trillion miles). Compare this to the average distance between Earth and the Sun, which is 149.6 million kilometres (91.4 million miles), or the distance of the outermost planet, Neptune, from the Sun, which is 4.5 billion kilometres (2.8 billion miles).

Key publications

Edwin Hubble, Extragalactic Nebulae, 1926

Edwin Hubble, A Spiral Nebula as a Stellar System, Messier 31, 1929

Edwin Hubble, A Relation Between Distance and Radial Velocity Among Extragalactic Nebulae, 1929


Edwin Hubble, 1889–1953

Hubble was an accomplished athlete, studied law, worked as a schoolteacher and joined the army before becoming an astronomer. Working at Mount Wilson Observatory in California, he transformed our understanding of the Universe, discovering that there were galaxies beyond our own, and that the Universe is expanding. The Hubble Space Telescope is named after him.
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Albert Einstein (far left) visiting Mount Wilson Observatory, California, USA, c.1931. Edwin Hubble can be seen right at the back, second from left.

Spacetime

Albert Einstein: The Field Equations of Gravitation • Berlin, Germany, 1915

The Universe around us has four dimensions – three spatial dimensions (length, breadth and width) and one dimension of time. Albert Einstein called this ‘spacetime’, and his Theory of General Relativity showed how spacetime behaves under the influence of mass and gravity.

To make sense of spacetime, Einstein imagined it as a huge sheet of rubber, bending and wrinkling when hefty planets, stars and galaxies are placed on it. The more mass an object has, the greater its gravity and the more it tugs and warps the space around it.

‘Matter tells space how to curve, and curved space tells matter how to move,’ the physicist John Wheeler (1911–2008) eloquently stated. This has consequences for light, which travels through space, following its curvature. Where spacetime bends, the path of light also bends. This leads to the phenomenon of gravitational lenses, where the curvature of spacetime caused by the gravity of a massive object magnifies the light of a more distant object.

Einstein also realized that, just as gravity affects space, it can also affect time. In the strongest gravitational fields, clocks run more slowly. If you fell into a black hole, you wouldn’t notice your wristwatch ticking more slowly, but an observer outside the black hole, in a lesser gravitational environment, would see things happening to you in slow motion.

Key publications

Albert Einstein, The Field Equations of Gravitation, 1915

Hermann Minkowski, Space and Time, 1908–09

Orest Khvolson, Über eine mögliche Form fiktiver Doppelsterne, 1924


Albert Einstein, 1879–1955

Possibly the greatest scientist, and certainly the most famous, of all time, Albert Einstein is a household name. His theories of relativity (both Special and General) taught us about light and energy, space and gravitation, and then applied them to the Universe. Ironically, he won the Nobel Prize in 1921 for something else – discovering the photoelectric effect.
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An artist’s impression of gravitational waves emitted by an inwardly spiralling pair of neutron stars that are about to collide.

Distribution of Matter

The Virgo Consortium: Simulations of the Formation, Evolution and Clustering of Galaxies and Quasars • Germany and the UK • 2005

There’s a lot of empty space in space. Looking out into the night sky is enough to tell you that – there are big gaps between the stars, and if we look further out, big gaps between the galaxies. On the largest scales, there are huge voids, millions of light years across, that contain very few galaxies, while elsewhere there are regions where galaxies are clustered together in their hundreds or thousands.

The way in which matter is distributed throughout the Universe tells us much about how the Universe has evolved, and the role that gravity has had to play in that. The Big Bang was not smooth: when it created all the matter and energy in the Universe, it was slightly lumpy. The denser, lumpier regions had slightly more gravity than other, less lumpy regions, and so they attracted more and more matter to them. Soon, most of the matter in the Universe came to be in these denser regions, which form a ‘cosmic web’ of giant filaments of matter and dark matter that criss-cross the Universe. Galaxies form along these filaments, and where the filaments meet we find galaxy clusters. Many galaxy clusters together can form walls, or sheets of galaxies, which are the largest structures in the Universe. The distribution of matter in the Universe today, thanks to gravity, can tell us much about the conditions in the Big Bang that ultimately led to this distribution.

Key publications

Margaret Geller and John Huchra, Mapping the Universe, 1989

R. Brent Tully, Hélène Courtois, Yehuda Hoffman & Daniel Pomarède, The Laniakea Supercluster of Galaxies, 2014

Volker Springel et al, Simulating the Joint Evolution of Quasars, Galaxies and their Large-Scale Distribution, 2005


R. Brent Tully, 1943–

Richard Brent Tully’s name will live on in the annals of astrophysics history in the form of the Tully–Fisher Relation, which he developed with the astronomer James Richard Fisher (b.1943), and which describes a correlation between how luminous a spiral galaxy is, and how fast it is rotating. Tully also discovered the Pisces–Cetus Supercluster Complex, which includes our galaxy and is a giant wall of galaxies that forms part of the cosmic web.
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The matter content of the Universe. Matter makes up 30 per cent of the Universe, the rest being dark energy. The matter can be dark (29 per cent) or visible (1 per cent, top layer). Dark matter can be further divided into non-baryonic (25 per cent, bottom layer) and baryonic (4 per cent, middle layer).

Bound Systems

Fritz Zwicky: On the Masses of Nebulae and of Clusters of Nebulae • Caltech, USA • 1933

Our Solar System of planets is a gravitationally bound system, the eight planets and multitude of comets and asteroids all in thrall to the Sun’s gravity. In turn, the Sun is bound by gravity to our Milky Way galaxy.

On larger scales, galaxies are bound to one another gravitationally to form galaxy clusters. The Milky Way is in a little cluster called the Local Group, along with the Andromeda galaxy, the Triangulum galaxy and a smattering of smaller, dwarf galaxies. The Local Group is gravitationally bound to the larger Virgo–Coma cluster of galaxies, which in turn is gravitationally bound to other clusters to form the Pisces–Cetus Supercluster Complex. Even larger than that is the Laniakea Supercluster, which gravitationally holds several smaller superclusters.

The motion of planets, stars or galaxies in bound systems tells us about how much gravity they feel, which in turn is related to how much mass there is. In 1933, Fritz Zwicky (1898–1974) noticed that galaxies in galaxy clusters were moving faster than they should be for the amount of visible mass. In the 1960s, Vera Rubin found that stars and nebulae in galaxies were doing the same thing. They should have been flying away instead. The conclusion was that there must be some invisible mass – dark matter – providing additional gravity.

Key publications

Vera Rubin and Kent Ford, Rotation of the Andromeda Nebula from a Spectroscopic Survey of Emission Regions, 1970

Fritz Zwicky, On the Masses of Nebulae and of Clusters of Nebulae, 1937


Vera Rubin, 1928–2016

Becoming an astronomer in an era when women doing astronomy was frowned upon, Vera Rubin helped to pave the way for many female astronomers who followed in her footsteps. Her PhD dissertation described how galaxies clustered together in bound systems, but her male-led colleagues did not follow up on this idea until the 1970s. It was during that time that Rubin and Kent Ford (b.1931) discovered evidence for dark matter.
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Vera Rubin at Vassar College, New York State, from which she was the only student in her year to graduate in astronomy.

Diffuse Matter

Vesto Slipher: Peculiar Star Spectra Suggestive of Selective Absorption of Light in Space • Lowell Observatory, USA • 1909

Between the stars, and between the galaxies, space is not as empty as it appears. It’s filled with gas, both hot and cold, and lots of dust produced by stellar evolution. In fact, roughly 15 per cent of our galaxy’s visible constituents are taken up by interstellar gas and dust, a notable chunk of matter in the Milky Way.

The interstellar medium – that is, the stuff between the stars – is comprised of roughly 99 per cent gas and a smattering of dust. Three-quarters of that gas is hydrogen, while the remainder is mostly helium, with a smattering of other elements. On average, there is a single atom or molecule of gas, mostly hydrogen, for every cubic centimetre of interstellar space. In comparison, air on Earth offers 30 quintillion (that’s 30,000,000,000,000,000,000) molecules in the same volume.

Meanwhile, if interstellar dust is particularly thick, it will block the light of stars behind it. If not, it might be heated up and start glowing, allowing us to see the nebulous birthplace of stars. In other cases, starlight can often be reflected off diffuse clouds of dust – in this case, we observe a reflection nebula.

Gas in the intergalactic medium between the galaxies can be incredibly hot, reaching temperatures of up to 10 million degrees Celsius in galaxy clusters, causing it to radiate primarily in X-rays.

Key publications

Vesto Slipher, Peculiar Star Spectra Suggestive of Selective Absorption of Light in Space, 1909

Vesto Slipher, On the Spectrum of the Nebula in the Pleiades, 1912


Williamina Fleming, 1857–1911

One of the famous Harvard Computers – women astronomers working for Edward Pickering (1846–1919) – Fleming specialized in classifying stars through their spectra, which became the basis for subsequent stellar classification models that help us to understand the nature of stars. She also discovered 59 nebulae, including in 1888 the well-known Horsehead Nebula in Orion, which is filled with interstellar gas and dust.



Cosmic Recycling

Origins of the Solar System • Bok Globules



[image: image]

Williamina Fleming (foreground, seated) with other members of Edward Pickering’s research team, a group known as the Harvard Computers. Other members included Henrietta Swan Leavitt, Annie Jump Cannon and Antonia Maury.

Stars

Annie Jump Cannon: Spectra Have Bright Lines • Harvard College Observatory, USA • 1916

In our galaxy alone, it’s been calculated that there are around 100 billion stars. Beyond its confines, there are an estimated 1 billion trillion stars visible throughout the observable Universe. Stars are bright, giant balls of mostly hydrogen gas – and our own Sun is one of them.

Of those 1 billion trillion stars, we can see at most about 3,000 in the night sky with the naked eye. The brightest of these make up the constellations, which are patterns of stars as we see them in the night sky. There are 88 constellations, split between the northern and southern celestial hemispheres.

On average, stars in our Milky Way are about 4 light years apart; our nearest stellar neighbour, Proxima Centauri, is 4.24 light years away. It’s a red dwarf star, the smallest, coolest and least massive kind of star. Other stars can weigh hundreds of times the mass of the Sun, and be hundreds of times larger, and tens of thousands of times brighter.

Stars are different from other objects like planets because they are able to generate their own energy through powerful nuclear fusion reactions in their hot cores. It’s the energy from these reactions that makes stars shine, and makes the Sun breathe life on planet Earth.

Key publications

Antonia Maury and Edward Pickering, Spectra of bright stars photographed with the 11-inch Draper Telescope as part of the Henry Draper Memorial, 1897

Ejnar Hertzsprung, Über die Sterne der Unterabteilungenc undac nach der Spektralklassifikation von Antonia C. Maury, 1908

Julianna Sackmann, Arnold Boothroyd and Kathleen Kraemer, Our Sun. III. Present and Future, 1993


Margaret Burbidge, 1919–2020

A pioneering British astronomer, Margaret Burbidge was one quarter of the famous B2FH paper that described how stars produce the chemical elements by way of nuclear reactions in their core – reactions that provide the energy to power a star. The other members of the quartet were her husband, Geoffrey Burbidge (1925–2010), William Fowler (1911–95) and Fred Hoyle (1915–2001).
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The massive, luminous star AG Carinae, imaged by the Hubble Space Telescope.

Non-luminous Objects

Gerard Kuiper: Survey of Planetary Atmospheres • McDonald Observatory, Texas, USA • 1949
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been discovered orbiting sround binary star pairs and.
around theindividul sars in mltiple sysems.
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The Death of
the Megasuns

KEY SCIENTISTS: STAN WOOSLEY + VOLKER BROMM « MARTINREES

HOWARD EOND

-

‘Withtheir igantic size andbrillnce, the
frst starsivod e with gusto, but hat life
didn'lastlong, They burned through their
hydrogen atarapidrate, asting a million
years orso (wmpared to the 10-billon-year
lifetime ofthe Sun). Whenthey reached the
end, these stars went ot in ablaze o glory.
Becanse theylacked any of the heavier
elements, when they exploded they would
have reeased energies 100 times more
‘powerful than today's most energetic
supernovae. These caclysmic xplo-
sions would have reulted in two crucial
consequencesfor the subsequent evolution
of the Universe. One s thatthey produced
a chemical ootprintof newly created.
elements ot formed in the Big Bang; these
would be hoorered up by the next gencra-
tionof stars.Second, they voul haveleft.

et v

potsttyoen
oy
ervamne
ity
e
o

behind monstrous,high-gravity black holes
that could have been the seed of what wouk.
Iater be found at the centre ofcach lage.
galaxy a supermassive blck hole weighing
in at millons o billions oftmes the mass
ofourSun.

KEY DEVELOPMENT
Nobooy has overseun ana o thefst trs ot
‘sparovaseposons, bl astrmamers have
loctod b sooond generatonf stars-sameof
‘s ot ay, sich s th st HEOTOT-
5240, which sdefident nhoay loment.
Thisindiates vt fomad ey, boors e
nlerstoa matum P s anrichod by e
gmoratasofstars.
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Primeval Galaxies

KEY SCIENTISTS: GARTH LLNGWORTH « RYCHARD BOUWENS.

VOLKER BROMM « LEONARD SEARLE

Asmore and more starswere bor, the irst:
galuxies began to grow. However, there’s
aparadaatthe hesrtof the primenl
galuxies. At the centre o mostlarge galaxies
isasupermassive black hoke, mllions
orbillions of timesthe mass ofthe Sun.
Astronomershave found tht the massof a.
‘supermassve black hole i proportionsl to
the mas of the bulge of the galaxy thatthe
blackholeis found i, Thistellsus that the
birth ofthe black hole and the galaxy are
related,but which came irst?

Astronomers ae stil rying o under-
stand how supermassive black oles
formed. One possbiltyisthat they were:
created when lotsof selar massblack
holes Left by the supernovae ofth frst:
stars merged. Hoverer, supermassive black.

holeshave been found in galaxies es than
abillon years afte the ig Ban - surely
t00s00n forall those smaller lack holes
tomerge. The lternatve i that these
‘supermassiv black holes formed dircctly
from the callapse of a gant cloud of gasat
the centreof a burgeoning galaxy.

KEY DEVELOPMENT
1n2003-04, i Wbl Spaco Tueseope spnta
1talof amost 2.6 stargata smapach o
sy, in wch L bsared 10,000 isant intes.

B S —

200004 thenaain 1202 oterrd 1o the

XFam Dosp ). Tholdest gaaies Vb

heimage il back 1o 600milion years aerthe
BigBarg.

.
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