
Chapter 1

Hubble Discovers the Universe

It is fair to say that Edwin Hubble discovered the universe. Leeuwen-
hoek peered into his microscope and discovered the microscopic world; 
Hubble used the great 100- inch- diameter telescope on Mount Wilson in 
California to discover the macroscopic universe.

Before Hubble, we knew that we lived in an ensemble of stars, which 
we now call the Milky Way Galaxy. Th is is a rotating disk of 300 bil-
lion stars. Th e stars you see at night are all members of the Milky Way. 
Th e nearest one, Proxima Centauri, is about 4 light- years away. Th at 
means that it takes light traveling at 300,000 kilometers per second 
about 4 years to get from it to us. Th e distances between the stars are 
enormous— about 30 million stellar diameters. Th e space between the 
stars is very empty, better than a laboratory  vacuum on Earth. Sirius, the 
brightest star in the sky, is about 9 light- years away.

Th e Milky Way is shaped like a dinner plate, 100,000 light- years 
across. We are located in this thin plate. When we look perpendicular to 
the plate, we see only those stars that are our next- door neighbors in the 
plate; most of the stars in these directions are less than a few hundred 
light- years away. We see about 8,000 naked- eye stars scattered over the 
entire sky; these are all our nearby neighbors in the plate, a tiny sphere 
of stars nestled within the thin width of the plate. But when we look out 
through the plane of the plate we see the soft  glow of stars that are much 
farther from us but still within the plane of the plate. Th ey trace a great 
circle 360° around the sky. Here we are seeing the circumference of the 
giant plate itself, as we look around the sky in the plane of the plate. We 

© Copyright, Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries, contact webmaster@press.princeton.edu



2 • Chapter 1

call this band of light the Milky Way. When Galileo looked at this band 
of light in his telescope in 1610, he found its faint glow was due to a 
myriad of faint stars— faint because they are so distant. With the naked 
eye we can see only their combined faint glow; we cannot resolve that 
glow into individual stars. It took a telescope to do that. For a long time, 
this constituted the known universe. Our galaxy appeared to be sitting 
alone in space— an island universe.

In 1918 our idea of our place in the universe started to change. Harlow 
Shapley discovered that the Sun was not at the center of the Milky Way 
but instead was about halfway out toward the edge. We were off  center. 
Shapley felt like the new Copernicus. Just as Copernicus had moved 
Earth from the center of the solar system and properly placed the Sun at 
its center, Shapley moved the solar system from the center of the Milky 
Way to a place in its suburbs. Our position in the universe was looking 
less and less special. Shapley’s monumental work did revolutionize our 
thinking about our place in the universe. He had a right to suppose that 
he had made what would be the most important discovery in astronomy 
in the twentieth century. Time would later put Shapley on its cover, on 
July 29, 1935. Shapley was the dean of American astronomers. But his 
great discovery of 1918 was soon to be eclipsed— twice— by Hubble.

Hubble studied the Andromeda Nebula, which had been thought 
by many, including Shapley, to be a gas cloud within the Milky Way. 
Th e word nebula comes from the Latin nubes, or “cloud,” denoting the 
fuzzy appearance of these objects. By careful observations with the new 
100- inch telescope, Hubble discovered that Andromeda was actually 
an en tire galaxy roughly the size of the Milky Way and very far away. 
Furthermore there were many other similar spiral- shaped nebulae seen 
in the sky, and these were all galaxies like our Milky Way! He classi-
fi ed galaxies by their shapes— elliptical, spiral, and irregular— like some 
botanist classifying microbes. He observed in diff erent directions and 
counted the number of galaxies he found. Th ere seemed to be an equal 
number in diff erent directions. On the largest scales the universe was 
homogeneous. Th ere were fainter galaxies further and further away. We 
were just one galaxy in a vast universe of galaxies. Th is would have been 
discovery enough, but Hubble was not fi nished. He measured the dis-
tances to these galaxies. From spectra of these galaxies he could measure 
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their velocities. He found that the further away a galaxy was, the faster it 
was moving away from us. Th e whole universe was expanding! Th is was 
astonishing. Isaac Newton had a static universe. Even Einstein, genius of 
curved spacetime, thought the universe must be static. Th e discovery that 
the universe was expanding was quite simply, astounding. It caused Ein-
stein to revise his ideas about his fi eld equations of general relativity— to 
backtrack on the changes he had made in them to produce a static cos-
mology. Th e expansion of the universe has profound implications.

If the universe were static, as Newton and Einstein had supposed, then 
it could be infi nitely old. It would always have been here. Th is avoided 
Aristotle’s problem of fi rst cause. If the universe had a fi nite age, how-
ever, then something must have caused it. But what caused that? Unless 
one is willing to accept an infi nite regression of causes, there must be a 
fi rst cause— but the question remains: what caused the fi rst cause? An 
expanding universe brought this question back into play. If you played 
the tape of history backward, you would see all the galaxies crashing 
together in the past. Th ere must have been something to start all this ex-
pansion— a Big Bang— that began the universe. We now know this oc-
curred 13.8 billion years ago. What caused this Big Bang? Astronomers 
following Hubble would work on that.

Hubble was the most important astronomer in the twentieth century. 
Time magazine put him on its cover on February 9, 1948. Behind him 
was a picture of the Palomar Observatory, whose new 200- inch- diameter 
telescope could extend Hubble’s observations. He was the fi rst person 
to observe with that telescope. Later Time would select Hubble as one 
of the 100 most infl uential people in the twentieth century (the only 
astronomer so honored). Despite the acknowledged importance of his 
discoveries, Hubble failed to get the American Astronomical Society’s 
highest award, the Russell Lectureship, given each year to an outstand-
ing American astronomer for lifetime achievement. It reminds one of 
the Nobel Prize committee’s failure to award the Nobel Prize in Litera-
ture to Leo Tolstoy, even though they had several chances to do so be-
fore he died. Th e greatest people are oft en controversial. As with most 
groundbreaking discoveries, the whole story is more complicated, and 
interesting, than just the simple outline I have given so far. So let’s look 
into the story in more detail.
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Shapley Blazes the Trail

Harlow Shapley had measured the position of the Sun in the Milky Way 
by using globular clusters. He measured their distances using RR Lyrae 
variable stars as objects of standard luminosity— standard candles. RR 
Lyrae stars are 40 to 50 times as luminous as the Sun and so can be seen 
out to fairly large distances. Th ey all have about the same intrinsic lumi-
nosity, the same wattage as lightbulbs, if you will. (Th e Sun, for example, 
has a luminosity of 4 × 1026 watts— equal to 4 trillion- trillion 100- watt 
lightbulbs.) If you saw an RR Lyrae star, you could fi gure out how far 
away it was by seeing how faint it appeared to be in the sky. It’s like see-
ing a row of standard street lights extending down a street. Th ey all have 
the same intrinsic luminosity, but the most distant ones will be fainter 
than the nearby ones.

Light emitted from a star spreads out in all directions, creating an 
ever- expanding sphere of light. Let’s say you are 1,000 light- years from 
a star. Th e light that is passing you from that star is a spherical shell with 
a radius r of 1,000 light- years. Th e area of that sphere is 4πr 2, or about 
12 million square light- years. If you were 2,000 light- years away, the 
light would be diluted over an area of 4πr 2 or 4π × (2,000 light- years)2— 
about 4 × 12 million square light- years. Th e new sphere is twice as big 
as the one before and has an area 4 times as great. Th is means that your 
detector— let’s say your 200- inch- diameter telescope— will intercept ¼ as 
much radiation from the star as it would if it were only 1,000 light- years 
away from the star. If you are twice as far away, the star appears ¼ as 
bright. Brightness is measured in watts per square meter falling on your 
detector. Brightness diminishes like one over the square of the distance, a 
fundamental relationship called, not surprisingly, the inverse- square law.

Shapley could take repeated pictures of globular clusters of stars. A 
globular star cluster orbiting within the Milky Way would contain over 
100,000 stars orbiting about the cluster’s center of mass, like bees around 
a hive. Stars whose brightness varied from picture to picture could be 
identifi ed as variable stars. Shapley could measure these stars’ bright-
nesses as a function of time. He could recognize RR Lyrae variables by 
their periods of oscillation (the length of time between peaks in bright-
ness, characteristically less than a day) and their amplitude of oscillation 
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(the factor by which their brightness changed from brightest to faintest). 
Shapley could look at a particular RR Lyrae star and know its intrinsic 
luminosity. Th is was invaluable. Knowing its intrinsic luminosity, he 
could measure its apparent brightness in the sky and calculate its dis-
tance. Th e fainter it was, the farther away it would be. By measuring the 
apparent brightness of the RR Lyrae variables in a globular cluster, Shap-
ley could measure the distance to the globular cluster itself. For more 
distant globular clusters, he used the brightness of the brightest stars in
the cluster as a distance indicator, and for the most distant globular clus-
ters, he used the clusters’ angular sizes to estimate their distances: a clus-
ter half the angular size was twice as far away.

Shapley measured the distances to many globular clusters, which orbit 
the center of the Milky Way galaxy in a nearly spherical distribution 
along paths that take them far above and below the fl at “dinner plate” 
where most stars lie. Looking out above and below the galactic plane al-
lowed him to fi nd globular clusters at great distances, free of the confus-
ing obscuring eff ects of interstellar dust in the plane itself. Shapley found 
that the 3D distribution of globular clusters in space was off - center rela-
tive to Earth. Th is result was puzzling: these globular clusters were orbit-
ing the center of the Milky Way and should be centered on it, yet Shapley 
found more globular clusters (and ones that were further away) on one 
side of the sky than on the other. Th e distribution of globular clusters 
seemed centered on a point in the direction of the constellation of Sagit-
tarius about 25,000 light- years away. Th is point marked the center of the 
galaxy. Shapley had shown that we were not at the center of the Milky 
Way— but rather our solar system was about halfway between the center 
and the outer edge. Th is showed that the Sun was not at a special location 
at the center of the galaxy.

In 1920 Shapley had a famous debate with Heber Curtis about the 
nature of the spiral nebulae. In the period from 1771 to 1781 Charles 
Messier had made a catalog of nebulae. Th rough a small telescope they 
look like soft ly blurry patches of light and can be confused with comets. 
Messier was a comet hunter and wanted to make sure he didn’t mis-
take these objects for new comets, so he took special note of them and 
cataloged them. Th ese blurry objects actually include a number of dif-
ferent types of things. Some Messier objects (labeled by an M followed 
by their number in the catalog) are supernova gas ejecta (like the Crab
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Nebula M1) and some, like the Dumbbell Nebula (M27), are gas shed 
during the process of a star collapsing to form a white dwarf. Some are 
globular clusters (like M13), some are loose star clusters like the Ple-
iades (M45), many are gas clouds (star- forming regions) in the Milky 
Way, like the Orion Nebula (M42), and many more are actually external 
galaxies, like Andromeda (M31), the Pinwheel (M101), the Whirlpool 
(M57), M81, M87, and so on. Th e spiral nebulae, such as M31, M57, M81, 
and M101, were the subjects of the Shapley- Curtis debate. Th eir spiral
shapes made them look somewhat like hurricanes seen from space. 
Th ey had spiral arms winding outward from the center— like a pin-
wheel. Sometimes they were seen face- on, where they showed off  cir-
cular shapes, and sometimes they were seen nearly edge- on, looking like 
dinner plates seen from the side. Were these gas clouds within the Milky 
Way or were they external galaxies like our own seen at great distances? 
Shapley maintained that they were gas clouds within the Milky Way. 
Curtis maintained they were external galaxies just like our own.

Th e proposals of famous astronomers and philosophers of the past 
came into the mix. Th e ancient Greek philosopher Democritus pro-
posed that the band of light known as the Milky Way could actually be 
the light of distant stars (right idea— and in about 400 BC!). Th is idea 
would be confi rmed by Galileo when he turned a telescope to the heav-
ens. In 1750 Th omas Wright speculated that the Milky Way was a thin 
sheet of stars (right) but thought this was really part of a large, thin 
spherical shell of stars orbiting a dark center (wrong). Th us from a great 
distance he thought our galaxy should resemble a sphere of stars, a 
round blurry blob. Th en he proposed that many of the faint nebulae we 
saw were entire galaxies like our own (right!). In 1755 William Herschel 
(the discoverer of Uranus) designated a subclass of nebulae he called 
“spiral nebulae.” Th at same year the preeminent philosopher of his day, 
Immanuel Kant, proposed that the spiral nebulae were actually galaxies 
like our own seen at great distances— he called them “island universes.” 
Curtis had these ideas on his side.

Shapley spent most of the time defending his recent determination of 
the enormous size of the Milky Way; he thought this result would make 
the predicted distances to the spiral nebulae seem ridiculously large 
if they were to be objects comparable to the Milky Way in size. Some 
novae (stars that suddenly fl are in brightness by a large factor without 
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exploding) were observed in spiral nebulae, and these had brightnesses 
comparable to other novae in the Milky Way, placing them fi rmly within 
our galaxy. Curtis mentioned this point against himself. But in fact, 
these were supernovae, not novae at all but vastly more luminous stellar 
explosions that were actually just as far away as Curtis needed. Curtis’s 
best argument came from noticing that the spectra of the spiral nebu-
lae looked like the spectra of star clusters, not those of gas clouds. Th e 
debate ended inconclusively. Most people in the audience probably left  
with the same views they had when they entered. In science, such ques-
tions are not settled by debates or by who scores more oratorical points. 
Th ey are oft en settled by new and decisive data— which Hubble would 
soon be perfectly positioned to supply.

Hubble Changes the Game

Like most people who make important contributions, Hubble was 
blessed with both talent and luck. Born in Marshfi eld, Missouri, in 1889, 
Hubble held the high school high- jump record for the state of Illinois. 
He attended the University of Illinois and later went to Oxford as a 
Rhodes Scholar. Rhodes scholarships rewarded athletic as well as aca-
demic prowess. When he returned from England, he spent some time 
in my hometown of Louisville, Kentucky, living for part of that time in a 
quiet, genteel area of Louisville called the Highlands, where my mother 
and grandmother once lived. Hubble followed his father’s wishes that 
he study law, but aft er his father’s death, he turned to his true inter-
ests in science. He was a high school teacher for a while before going 
to graduate school at the University of Chicago, where he earned his 
PhD in astronomy; for his thesis research, he took photographs of faint 
nebulae. Here he had mastered the skill that would be needed to settle 
the Curtis- Shapley controversy. Aft er a brief period of service in World 
War I, he returned to get a staff  position at Mount Wilson. He was hired 
by George Ellery Hale. His good fortune was compounded. Yerkes Ob-
servatory, where he had done his doctoral work, possessed the largest 
refracting telescope in the world with a diameter of 40 inches. Th is 
was and still remains the largest refracting telescope ever built. It had 
a lens at the front, which brought light to a focus at the back, where 
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an eyepiece was placed to view the image. Galileo’s fi rst telescope was 
a refracting telescope whose lens had a diameter of 1.46 inches. With 
this he was able to resolve stars in the soft  band of light called the Milky 
Way. Th e Yerkes telescope was 40 inches in diameter, or 27 times as large 
in diameter. A lens is like a bucket to catch light, with a light- gathering 
power proportional to its area. (Put a bucket out in the rain; if it has 
twice the diameter, its opening area will be four times as large and will 
collect four times as much rain.) Th e Yerkes telescope had 27 × 27, or 
729, times the light- gathering power of Galileo’s telescope. Since bright-
ness falls off  like the square of the distance, it should be able to discern 
stars 27 times more distant than those Galileo could see. Furthermore, 
long exposures using fi lm gathered light over time and were more sen-
sitive than the human eye. Hubble was by now an expert at taking just 
these kinds of pictures.

Now George Ellery Hale— telescope builder par excellence— enters. 
Hale, who had built the 40- inch Yerkes telescope, was just now fi nish-
ing construction of the largest telescope ever— a refl ecting telescope 
100 inches in diameter— on Mount Wilson. A telescope with a 40- inch-
 diameter lens was about the largest of that type you could build. Th e lens 
had to be supported around its edge and began to sag in the middle if 
it was too big and heavy. But a refl ecting telescope of the type invented 
by Isaac Newton let light come in the front and hit a big mirror in the 
back, where it was refl ected back toward the front again. Th e light could 
then be directed via a small secondary mirror to a focus outside the tube 
where you would put the eyepiece. Th e big mirror was supported on 
its entire back surface and thus could be larger. Th e 100- inch- diameter 
refl ecting telescope was 2.5 times the diameter of the Yerkes telescope 
and able to detect individual stars 2.5 times further away. If Galileo could 
discern individual stars that were 25,000 light- years away in the Milky 
Way, the 100- inch telescope should be able to detect individual stars 
1.6 million light- years away. With the advantage of long- exposure pho-
tographs, Hubble could extend this distance even farther.

Hubble arrived in Los Angeles in 1919 to take up his new job soon 
aft er the 100- inch telescope on Mount Wilson had opened for business. 
Hubble made good use of his unique opportunity. He took photographs 
of the Andromeda Nebula (M31). It was the spiral nebula with the larg-
est angular size in the sky (modern photographs trace its diameter at 3° 
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in the sky— 6 times the angular diameter of the Moon.) It was, therefore, 
a good candidate for the closest spiral nebula. Hubble’s photographs re-
solved it into stars. It was not a gas cloud. It looked like a fuzzy patch 
because it was made of faint distant stars. He made a sequence of pho-
tographs. Some of the brightest stars varied in brightness in a regular 
way over time. He could recognize them as Cepheid variables— stars 
whose luminosity varied periodically over periods ranging from days 
to months (and which were considerably more luminous than RR Lyrae 
stars). In 1908 Henrietta Leavitt, working at Harvard College Observa-
tory, discovered a relationship between the period of oscillation of a Ce-
pheid variable and its intrinsic luminosity. If you saw a Cepheid variable 
and measured the timescale of its periodic variation in brightness (in 
days), you could fi gure out its intrinsic luminosity (in watts) and there-
fore determine how far away it was by observing how faint it appeared to 
be in the sky. But the Cepheid variables Hubble found in the Androm-
eda nebula were very faint and, therefore very far away, far outside the 
Milky Way Galaxy proper. Th e Andromeda Nebula was so far outside 
the Milky Way that given its angular diameter, it had to have a physical 
size of the same order of magnitude as the Milky Way. Th e Andromeda 
Nebula was itself a galaxy— just like the Milky Way. Th e Curtis– Shapley 
debate had been settled— Shapley was wrong, and Curtis was proved 
right. People like Immanuel Kant had speculated with good reasons that 
the spiral nebulae might be entire galaxies like our own, but now we 
knew. Hubble’s evidence settled the case. It would turn out that Hubble’s 
enormous distance estimate for M31 was actually an underestimate. But 
it made the point. M31 was indeed far outside our own galaxy.

Th e Andromeda Galaxy (M31) is actually 2.5 million light- years away. 
(I can call it a galaxy now rather than a nebula.) It is a disklike sys-
tem about 120,000 light- years across. Our galaxy, the Milky Way, is a 
similar disklike system about 100,000 light- years across. If our galaxy 
were the size of a standard dinner plate (10 inches across), the Androm-
eda Galaxy (M31) would be another dinner plate 21 feet away. Light 
from the nearest star that we see today started on its way about 4 years 
ago. As you look farther away, you look further back in time. When 
you look toward the Milky Way’s galactic center (in the constellation 
Sagittarius) 25,000 light- years away, you are seeing it not as it is now but 
as it was 25,000 years ago, about the time a child left  footprints in the 
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Chauvet Cave in France while viewing the cave paintings there. Th e light 
from the Andromeda Galaxy started on its way 2.5 million years ago, 
when our grandfather species from the genus Australopithecus walked 
the earth.

How can we visualize such large distances? Models can be helpful. At 
a scale of 1/billion, the entire Earth becomes a marble ½ inch across. A 
billion is a big number. If Earth is a marble ½ inch across, the Moon is 
a BB ⅛ inch across, located 15 inches away. Fift een inches at a 1/billion 
scale is as far as human astronauts have ever gone— just 15 inches. Th e 
Sun, at this scale, is a beach ball 55 inches across, 500 feet away. Th e 
nearest star, Proxima Centauri, is a basketball 9 inches across, located
25,000 miles away. Th at’s equal to the entire circumference of Earth, 
prob ably more than you drive your car in a year.

Let’s shrink things by another factor of a billion, which shrinks Earth 
to a size smaller than an atom. At this scale of 1/billion- billion, Proxima 
Centauri is about the size of a hydrogen atom. Th e typical distance be-
tween stars is now about 1.6 inches. Imagine walking in a heavy snow-
storm where the falling snowfl akes are a less than a couple of inches 
apart. Th at is what our region of the Milky Way is like at a scale of 
1/billion- billion. Go out at night, and you will see a snowstorm of stars. 
Th e Milky Way is about 2.5 miles across at this scale— about the size 
of a town. When we see the band of the Milky Way, we are seeing the 
distant lights of our town. Andromeda is another town 64 miles away, 
at this scale. Hubble was fi nding more and more galaxies stretching as 
far as telescopes could see. Th e typical distances between bright galax-
ies are about 24 million light- years— 140 miles apart on our 1/billion- 
billion- scale model. Astronomers have seen galaxies as far as 13 billion 
light- years away— that’s 76,000 miles away in our 1/billion- billion- scale 
model, in which stars are barely larger than atomic size. We are seeing 
these most distant galaxies as they were 13 billion years ago. Th is helps 
us visualize the vastness of the visible universe.

Slipher’s Troublesome Redshifts

Meanwhile, Vesto Slipher was observing at Lowell Observatory in Flag-
staff , Arizona, taking spectra of galaxies. Slipher found absorption lines 
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in the spectra he took that were at wavelengths associated with particu-
lar elements. But he found them shift ed slightly from their laboratory 
values. Th is is due to the Doppler shift . If a galaxy is moving toward us, 
succeeding wave crests of light are emitted at locations progressively 
closer to us as the galaxy approaches, crowding the wave crests to-
gether, shortening the wavelength of the light. Blue light has a shorter 
wavelength than red light, so this causes a “blueshift ” in the spectral 
lines. If the galaxy is moving away from us, each subsequent wave crest 
reaching us is emitted at locations further and further away, and this 
stretches out the distance between wave crests. It causes a “redshift ” in 
the spectral lines. Th e redshift  z is defi ned as the fractional shift  in the 
wavelengths of the spectral lines of a galaxy from the laboratory values: 
(λobserved − λlab)/λlab. For small redshift s (much less than 1), such as Hubble 
was observing, z is approximately equal to the recessional velocity of the 
galaxy divided by the speed of light. (In general, the recessional velocity 
divided by the speed of light is [(z + 1)2 − 1]/[(z + 1)2 +1]. As the red-
shift  approaches infi nity, the recessional velocity approaches the speed 
of light, according to Einstein’s theory of relativity.) We can experience 
the Doppler eff ect with sound waves when a train approaches blowing 
its whistle. As it approaches, we hear a high- pitch (short- wavelength) 
sound, and aft er it passes the pitch becomes lower (longer wavelength) 
as the train moves away: WHEEEEOOOOOOO.

Doppler shift s had already been used to measure the velocities of in-
dividual stars in the solar neighborhood. Th ese velocities were on the or-
der of 20 kilometers per second and showed some stars moving toward 
us and others moving away— not surprising, if these stars are moving 
with us on slightly diff erent orbits within our galaxy. When Slipher 
measured the Andromeda Galaxy, he found a blueshift  correspond-
ing to an approach velocity of 300 kilometers per second. Th is was an 
enormous velocity, roughly 0.1% the speed of light, much larger than 
that of individual nearby stars in our galaxy. Today we know that this 
high approach velocity toward the solar system results in part from the 
fact that the stars in our solar neighborhood have a mean rotational 
velocity about the center of our galaxy (about 220 kilometers/second), 
which happens to be sending us in more or less the direction of where 
Andromeda happens to be on the sky. Furthermore, the Andromeda 
galaxy is actually falling toward the Milky Way because of their mutual 
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gravitational attraction. By measuring the diff erential shift  in the spec-
tral lines across the face of an individual galaxy, Slipher was the fi rst 
to prove that the spiral nebulae were rotating. Slipher continued taking 
spectra of galaxies and found to his surprise that almost without ex-
ception (Andromeda being one) they had redshift s. In general, galaxies 
were moving away from us. In 1917 he published a table of redshift s. Th e 
average recessional velocity of the galaxies in his table was 570 kilome-
ters/second. Astonishing— and unexpected. As he looked at ever fainter 
(more distant) galaxies, the average recessional velocity had risen from 
400 kilometers/second in 1915 to 570 kilometers/second by 1917. Th e 
eff ect was getting more dramatic. On this basis, John Peacock (2013) 
has argued that Slipher should be given credit for the discovery of the 
expansion of the universe— because he found so many redshift s, indi-
cating that other galaxies were moving away from us. Peacock has noted 
that Slipher’s redshift s, because they were so large, identifi ed the spiral 
nebulae as objects outside our galaxy. Slipher did consider the idea that 
the spiral nebulae might be scattering, but he rejected the notion be-
cause they also seemed clustered. Ultimately, Slipher thought galaxies 
might be moving at high individual velocities edgewise through space, 
like thrown Frisbees— in that surmise he was incorrect. Slipher deduced 
that the solar system had an individual velocity of about 700 kilometers/
second relative to the mean motion of all the galaxies he saw. Th e mod-
ern value for this is 384 kilometers/second. Slipher’s work on redshift s 
was fundamental and set the stage for what Hubble was able to do later. 
In addition, as director of the Lowell Observatory, Slipher hired Clyde 
Tombaugh and started him on the project that would result in the dis-
covery of Pluto. For his contributions, Slipher was awarded the Gold 
Medal of the Royal Astronomical Society in 1932.

Einstein Has His Say

Th eory enters here. In 1915, aft er 8 years of concentrated eff ort, Einstein 
worked out the correct fi eld equation for his theory of general relativ-
ity. Th is theory explained gravity in a revolutionary way, as the result 
of curved spacetime. Einstein’s equation showed how the “stuff ” of the 
universe (matter, energy and pressure) cause spacetime to curve. Th e 
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right side of the equation describes the mass- energy density and pres-
sure associated with stuff  (matter and radiation) at a point. Th e left  side 
of the equation tells us how spacetime is curved at that point.1 Particles 
follow the straightest trajectories they can in the curved space and time. 
In the same way, a plane follows a great circle trajectory when traveling 
between two points on Earth. A plane traveling on a straight- line trajec-
tory from New York to Tokyo will pass over northern Alaska. Stretch a 
string taut between the two cities on a globe to confi rm this. Th at trajec-
tory looks curved on a fl at Mercator map of Earth, but on the curved 
surface of the globe it is the straightest trajectory you can draw— it is 
called a geodesic.

Einstein could then work out the geodesic trajectories of planets. 
Th ey diff ered slightly from those Newton had found. Th e planet Mercury 
no longer followed the simple elliptical (Keplerian) path that Newton’s 
theory of gravity predicted. Th e eff ects were largest close to the Sun. Ein-
stein predicted that the elliptical shape of Mercury’s orbit should slowly 
rotate as Mercury continued to circle the Sun. Th is rotation of the orbit 
amounted to 43 seconds of arc per century. A second of arc is 1/3,600 of 
a degree— so this is a tiny amount of orbital rotation in a century. Nev-
ertheless, astronomers had already measured just this amount of anom-
alous rotation in Mercury’s orbit, an eff ect that Newton’s theory was 
unable to explain. When Einstein did this calculation, he said he was so 
excited it gave him palpitations of the heart. When his prediction of 
43 seconds of arc per century matched the exact amount of unexplained 
rotation astronomers had already observed, he was overjoyed.

Einstein then calculated how much light itself should bend as it 
passed near the limb of the Sun. According to his theory it should be 
defl ected by 1.75 seconds of arc. If particles of light were attracted by 
gravity in the same way that massive particles were in Newton’s theory, 
the defl ection would be only half that— 0.87 seconds of arc. Th e eff ect 
could be tested during a total eclipse of the Sun, when the Moon blocks 
the Sun’s bright surface, allowing background stars to be observed near 
it. In 1919 Sir Arthur Eddington’s British expedition took photographs 
of stars near the Sun during a solar eclipse and compared them with 
the positions of those stars on photographs taken 6 months later, when 
Earth had moved so the Sun was nowhere near those stars in the sky. 
Defl ections of 1.98 ± 0.30 and 1.61 ± 0.30 seconds of arc were observed 
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during the eclipse from two diff erent locations, in agreement with Ein-
stein’s value within the observational errors (±0.30 seconds of arc) and 
in clear disagreement with Newton’s value. Newton’s account of grav-
ity was overthrown. Th is was the “play of the century” in science. On 
the day he learned of the eclipse result, Einstein wrote a touching 
note to his mother, saying: “Good news today.” Th e results were pub-
licly an nounced at a joint meeting of the Royal Society and the Royal 
Astronomical Society. J. J. Th omson (the discoverer of the electron) 
pronounced the result “the most important result obtained in connec-
tion with the theory of gravitation since Newton’s day.” At that moment 
Einstein moved up to Newtonian stature. Th e Einsteinian defl ection was 
quickly confi rmed by W. W. Campbell and R. Trumpler, in the 1922 solar 
eclipse; they found a defl ection of 1.82 ± 0.20 seconds of arc. Impor-
tantly, it has been confi rmed with higher and higher accuracy ever since.

In 1916 Karl Schwarzschild found an exact solution to Einstein’s equa-
tion for a point mass. We know this today as the black hole solution. In 
1917 Einstein applied his equation to cosmology. He found he could 
not produce a static solution. Newton had a static universe: stars fi lling 
infi nite space uniformly, with the gravitational forces on each star on 
average canceling out. Such a universe could be infi nitely old and es-
cape the question of fi rst cause. Einstein in 1917 knew that the individ-
ual velocities of stars were small, of order 20 kilometers/second, much 
less than the velocity of light, and moving randomly. Th is suggested to 
him a static universe. So, he added a term to his fi eld equation of Gen-
eral Relativity.2 Th e new term was called the cosmological constant. It 
preserved the desirable property of the original equations that energy 
was conserved locally (in small regions), and the new term was so tiny 
it did not interfere with the orbit of Mercury or the light bending ap-
preciably. Primarily, it provided a repulsion term that balanced the aver-
age gravitational attraction of the stars for each other, allowing a static 
model of the universe. In his 1917 paper he argued that such a static 
model was required because of the small velocities of the stars (rela-
tive to the speed of light). Th ese, of course, were just stars in our solar 
neighborhood in the Milky Way. In the Einstein universe, the volume 
of space was fi nite and curved but had no edges. It was like the sur-
face of a higher- dimensional sphere called a 3- sphere. Just as a circle has 
a fi nite circumference and a sphere has a fi nite surface area, Einstein’s 
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3- sphere universe had a fi nite volume. If you started off  in your space-
ship on a voyage in Einstein’s static universe and steered as straight a 
course as you could, you would return to your home planet aft er hav-
ing circumnavigated the entire universe— just as you can circle Earth’s 
surface and return to where you started. Because Einstein’s universe was 
static, its volume was unchanging with time. Figure 1.1 shows a space-
time diagram of the Einstein static universe. It shows the dimension of 
time vertically, with the future toward the top. One dimension of space 
is shown horizontally. Th e Einstein static universe spacetime looks like 
the surface of a cylinder. Th e static 3- sphere universe is depicted as a 
circle whose circumference is constant with time. Stack up a bunch of 
circles (all the same radius) representing the 3- sphere universe at diff er-
ent instants and you get a cylinder. Th e only thing real in this picture is 
the cylinder itself. Forget the inside and outside.

Th at same year, 1917, Dutch mathematician and physicist Willem de 
Sitter found an exact solution to Einstein’s fi eld equation, including Ein-
stein’s new cosmological constant term but having no matter in it at all. 
Th is was an empty universe— no stars, no galaxies, just empty curved 
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Figure 1.1. Spacetime diagram of the Einstein 
Static Universe. We are showing only one dimen-
sion of space (around the circumference of the 
cylinder) and the dimension of time (the vertical 
direction, future toward the top). Worldlines of 
stars (or galaxies) are straight lines (geodesics) 
going straight up the cylinder. The circumference 
represents the circumference of the surface of a 
higher- dimensional spherical balloon (a 3- sphere) 
whose radius is unchanging with time. The only 
real thing is the cylinder itself— the inside and 
outside have no signifi cance. (Credit: J. Richard 
Gott, Time Travel in Einstein’s Universe, Boston: 
Houghton Miffl in, 2001)
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space. (Why should we be interested in such a universe? Because the 
real universe is of rather low density and so might roughly approximate 
an empty universe in the limit.) De Sitter’s universe looked static as well 
and seemed to cover only half of a higher- dimensional 3- sphere— as if 
you had cut Einstein’s static universe in half and then thrown half of it 
away. If you sat at the “north pole” of this universe, you could see down 
only to its “equator.” De Sitter proposed that antipodal points in spheri-
cal universe be identifi ed as identical points— as if you had a replica of 
yourself living at the south pole. Th at way, the universe you saw (north 
of the equator) really included all the objects in the universe. Th e de 
Sitter universe would thus have half the volume of the comparable Ein-
stein static universe. You would see objects that lived closer to the equa-
tor aging in slow motion and emitting light waves in slow motion. If their 
atoms emitted light at a certain frequency, you would see it at a slower 
frequency— and a longer wavelength. Th us, in de Sitter space, distant ob-
jects showed redshift s. Th is might explain Slipher’s redshift s. Th ese were 
gravitational redshift s, caused by a photon of light losing energy and 
increasing in wavelength as it fi ghts its way out of a deep gravitational 
well. Th is eff ect is predicted by general relativity. Clocks on Earth tick 
a tiny bit slowly relative to those in interstellar space. Einstein, in his 
work on the photoelectric eff ect, showed that electromagnetic waves 
(light) are composed of photons whose energies are inversely propor-
tional to their wavelength. When we send a photon into the sky, it loses 
energy as it climbs against Earth’s gravitational fi eld, and its wavelength 
increases. (GPS systems using satellites have to take this eff ect into ac-
count when they calculate your position.)

But de Sitter’s static coordinate system was incomplete and gave a 
false impression. It is like the story of a blind man examining an ele-
phant; if he touched only its trunk, he might pronounce that an elephant 
was most like a fi re hose. Figure 1.2 shows our modern understanding 
of de Sitter spacetime.

It is a 3- sphere universe that starts off  with infi nite size in the infi -
nite past, contracts to a minimum radius at a “waist” in the center, and 
then reexpands. It is the gravitationally repulsive eff ect of the cosmo-
logical constant that halts the contraction and causes the subsequent 
expansion. De Sitter spacetime looks like a corset. Th e waist appears as 
a circle. Th is represents the circumference of the 3- sphere universe at 

© Copyright, Princeton University Press. No part of this book may be 
distributed, posted, or reproduced in any form by digital or mechanical 
means without prior written permission of the publisher. 

For general queries, contact webmaster@press.princeton.edu



  Hubble Discovers the Universe • 17

the time of its minimum size. Th e “north pole” is the point at the far left  
edge of this circle. But the north pole is not just a point that lasts for an 
instant. It stays around forever. If you live there, your worldline— your 
path through spacetime— is the vertical corset stay at the far left . De Sit-
ter’s static coordinate system, trails aft er you like a fl ock of geese follow-
ing aft er a leader. Th e coordinate system covers only the one quadrant of 
de Sitter spacetime next to the north pole corset stay.

Actually, de Sitter space was a complete spherical universe. It was ex-
panding at late times, which caused distant galaxies to have redshift s. It 
was a strange universe.

Figure 1.2. Modern understanding of De Sitter spacetime. Diagram shows one dimension 
of space (around the circumference) and the dimension of time vertically, future toward the 
top. De Sitter spacetime looks like a corset with a narrow waist at the middle. The horizon-
tal circular cross sections show the size of the 3- sphere universe as it contracts and then 
expands. The vertical “corset stays” represent possible geodesic worldlines (paths through 
spacetime) of particles. Put a large X through the center of the fi gure— De Sitter’s 1917 coor-
dinate system covered only the left quadrant; leaving out top, bottom, and right quadrants. 
It made the spacetime look static, but actually it is dynamical, as depicted here. (Credit: 
J. Richard Gott, Time Travel in Einstein’s Universe, Boston: Houghton Miffl in, 2001)
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Astronomers at that time were asking themselves if de Sitter space 
was a useful model for our universe. A piece of Princeton lore (which I 
heard as a graduate student) was that Henry Norris Russell once asked 
Harlow Shapley if the Slipher redshift s could be due to the de Sitter 
eff ect. No, Shapley reportedly replied, that was impossible, since the 
globular clusters [Shapley erroneously thought] were at much larger 
distances than the spiral nebulae, and they showed no redshift s at all! 
Without proper distances, Shapley found Slipher’s redshift s did not even 
convince him that the spiral nebulae were outside the Milky Way.

In 1922, Alexander Friedmann, in Russia, found an exact solution 
to Einstein’s original equations without the cosmological constant. Th is 
was a dynamical solution— not static. Like the Einstein static universe, 
its shape was the surface of a higher- dimensional sphere— a 3- sphere, 
but its radius changed with time. It started at zero size with a Big Bang. 
It then expanded rapidly. Galaxies would be like pennies taped to the 
surface of a balloon: as you blew up the balloon, it got bigger, and the 
distances between the pennies would increase. If you sat on a penny, all 
the other pennies would move away from you as the balloon expanded. 
Th e space between the galaxies would be expanding. A penny twice as 
far away would recede from you at twice the velocity.

Start with the balloon at a certain size and consider one penny an 
inch away from your penny, a second penny 2 inches away, and a third 
penny 3 inches away. Now slowly blow up the balloon over the course 
of an hour so that it becomes twice the size. Th e distances between all 
pennies will have doubled. Th e penny that used to be 1 inch away is now 
2 inches away— it has been moving away from your penny at a velocity 
of 1 inch per hour. Th e second penny that was originally 2 inches away 
is now 4 inches away: it has moved 2 inches in the hour— moving at a ve-
locity of 2 inches per hour. Th e third penny that was originally 3 inches 
away is now 6 inches away— it has moved 3 inches in an hour— a speed 
of 3 inches per hour. Th ere will be a linear velocity- distance relation. A 
galaxy 3 times as far away will be receding 3 times as fast.

Like a balloon blowing up, the Friedmann universe is expanding ho-
mogeneously as it increases in size aft er the Big Bang. If you found a lin-
ear velocity- distance relation for galaxies like that shown by the pennies, 
that would support Friedmann’s model. More distant galaxies would be 
receding more rapidly, as did the more distant pennies on the expanding 
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balloon. Friedmann’s universe begins in a state of expansion, but even-
tually the mutual gravitational attraction of the galaxies for each other 
causes the expansion to slow, fi nally stop for a moment, and then reverse 
as the universe begins to shrink. Ultimately, it would collapse again to a 
point in a Big Crunch, when galaxies and stars would be crushed out of 
existence (see Figure 1.3).

If you had read Friedmann’s paper carefully in 1922, you could have 
predicted that the universe should be seen to be either expanding or 
contracting. When you observed redshift s of distant galaxies, you could 
have deduced that you were living in the fi rst half of the universe’s life-
time— in the expansion phase. But Friedmann’s paper was not widely 
known. Einstein thought it was a mathematically correct solution to his 
equation but argued that it was not physically relevant because the low 
velocities of the stars showed the universe to be static.

Meanwhile, German mathematician Herman Weyl realized that gal-
axies would not stay at fi xed locations in the de Sitter universe, relative 
to you living at the “north pole.” Galaxies would have to accelerate, to 

Ti
m

e

Big Crunch

Big Bang

Figure 1.3. Friedmann Big Bang universe of 
1922, showing one dimension of space (the 
circumference of the football shape) and one 
dimension of time (vertical). Worldlines of 
galaxies are the vertical seams in the football. 
The universe is dynamical, starting with 
a Big Bang at the beginning. The galaxies 
move apart at fi rst as the circumference of 
the 3- sphere universe gets larger with time. 
The gravitational attraction of the galaxies 
will eventually cause the universe to start 
contracting, and it will end with a Big Crunch. 
The only thing real is the “pigskin” itself— the 
inside and outside of the football have no sig-
nifi cance. (Credit: J. Richard Gott, Time Travel 
in Einstein’s Universe, Boston: Houghton 
Miffl in, 2001)
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fi re rockets, to stay at fi xed positions in “latitude” in de Sitter space. A 
gravitational fi eld was pulling them down toward the “equator.” Galax-
ies don’t have rockets, so they should be falling away from us in de Sit-
ter space. If galaxies remained at fi xed locations in de Sitter space in 
the static coordinate system centered on you (which is unphysical), they 
would show a velocity- distance relation that was quadratic: for nearby 
galaxies that we could observe, a galaxy twice as far away would have 
four times the redshift . Weyl fi gured out, however, that if galaxies were 
launched on free trajectories from a common point of origin in de Sitter 
space long ago, they would be spreading out now, moving apart through 
curved spacetime in such a way that redshift  was related linearly to dis-
tance. A galaxy twice as far away would be moving away with twice the 
velocity. In that more reasonable case, observers should be looking for 
a linear velocity- distance relation in de Sitter space as well. In de Sitter’s 
universe you might attribute some of this redshift  to a Doppler shift  and 
some to a gravitational redshift , but the overall relation was linear.

Richard C. Tolman at Caltech, in particular, emphasized that one 
should look for a linear velocity- distance relation in de Sitter space. Var-
ious people tried to fi nd a linear velocity- distance relation; they failed to 
produce convincing results because in addition to spiral nebulae, they 
were oft en including globular clusters, which were within the Milky Way 
and not actually moving away. Hubble knew that if the de Sitter model 
was correct, he should be looking for a linear velocity- distance relation 
for galaxies. A galaxy twice as far from us would have twice the redshift .

Hubble Finds the Answer

Hubble used Cepheid variables, brightest stars, and galaxy luminosity 
as distance indicators to estimate the distances of individual galaxies. 
He plotted these distances versus redshift s obtained by Slipher and him-
self, and he found that they followed a linear velocity- distance relation: 
v = H0d, where v is the recessional velocity of a galaxy, d is its distance, 
and H0 is a constant (today called the Hubble constant in his honor). 
Th e subscript 0 refers to the fact that it is being evaluated at the pres-
ent epoch. Hubble found that this linear relation continued all the way 
out to a recessional velocity of 1,000 kilometers/second. When Hubble 
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published his result in 1929, he mentioned that the eff ect could be at-
tributed to the de Sitter eff ect (a combination of the slowing down of 
atomic vibrations and a general tendency of particles to scatter— Weyl’s 
point). Of course, Friedmann’s expanding universe model would predict 
the exact same linear velocity- distance relation in a far simpler way, but 
Hubble did not mention that.

Hubble, along with the talented Milton Humason, then went to work 
on fi nding distances and redshift s to even more distant galaxies. Hubble 
wisely subtracted off  the peculiar velocity of the Sun. He wanted to ob-
tain the velocities of the other galaxies relative to the center of our gal-
axy. To go out to large distances he used clusters of galaxies. He knew 
that galaxies orbiting the center of mass of their cluster could have in-
dividual velocities and he understood that he could get a better redshift  
for the cluster as a whole by taking the average redshift  of galaxies in the 
cluster. For example, he mentioned that the Virgo cluster of galaxies had 
a mean recessional velocity of 890 kilometers/second, while individual 
galaxies in the cluster had a total range of 550 kilometers/second about 
the mean. Hubble and Humason’s plot was linear in velocity versus dis-
tance out to the most distant cluster, which was receding with a veloc-
ity of 20,000 kilometers/second! (See Figure 1.4.) Th is was spectacular. 
Th at cluster was receding at 6.7% the speed of light. It was an astonish-
ing velocity that got people’s attention.

Many people date Hubble’s discovery of the linear velocity- distance 
relation to 1929, just as people date the invention of the airplane to the 
Wright brothers’ 1903 fl ight of 120 feet. But the Wright brothers, like 
Hubble, had competitors. By the time the Wright brothers fl ew, Samuel 
Langley had already fl own (unpiloted) model airplanes on fl ights ap-
proaching a mile. Some say Langley should be given credit for inventing 
the airplane, just as today some argue that Slipher deserves credit for 
discovering the expansion of the universe. But perhaps more important 
was the fact that by 1908 the Wright brothers were making fl ights of 
more than 123 kilometers. In a similar way, it is the spectacular 1931 
paper of Hubble and Humason that really cemented the linear velocity- 
distance relation and made people take the results seriously. We then 
tend to trace back retroactively and credit the 1929 paper for the dis-
covery. But it was the 1931 paper that convinced everyone. Th at’s why I 
chose to show it in Figure 1.4. Th e entire data set from the earlier 1929 
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paper is shown by the tiny black data points at the extreme bottom left  
of the fi gure.

Hubble’s law v = H0d implies that galaxies are moving apart today. 
Velocity multiplied by time gives distance traveled. A galaxy moving 
with velocity v = H0d traveling for a time tH = 1/H0 will travel a distance d 
(equal to the distance from us to where it is now). If you play this movie 
backward in time, all the galaxies will collide at a time approximately 
tH = 1/H0 in the past. Th e time tH in the past is just enough time to bring 
a galaxy, which is now at a distance d, back to hit us. Notice that a gal-
axy will collide with us at a time tH ago regardless of its distance from 
us today. Th is moment where all the galaxies collided in the past is the 
moment of the Big Bang. At that time, about 13.8 billion years ago, all 
the galaxies were fl ung apart from each other like pennies on the sur-
face of an expanding balloon. Th e space between the galaxies started 
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Figure 1.4. This graph from Hubble and Humason in 1931 proved to Einstein that the 
universe was expanding. Distance is plotted horizontally and recessional velocity is plotted 
vertically. There is a linear relation: galaxies twice as far away are receding twice as fast. 
The set of black dots in the lower left corner shows the range of distances and recessional 
velocities of individual galaxies covered in Hubble’s 1929 paper in which he fi rst reported 
the linear relation. The open circles represent distances and recessional velocities of groups 
and clusters of galaxies. (Credit: E. Hubble and M. Humason, Astrophysical Journal, 74: 43, 
1931)
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expanding just as in Friedmann’s model. Hubble’s law suggested that the 
universe had a beginning in the fi nite past. Th is is extraordinary.

Friedmann’s 1922 model, without a cosmological constant, repre-
sented a high- density 3- sphere universe, where the gravitational attrac-
tion of the galaxies for each other would eventually overcome their 
kinetic energy of expansion to cause the universe to stop expanding and 
eventually collapse to zero size in a Big Crunch singularity at the end. 
You don’t want to be around at the Big Crunch! You could determine if 
this was the type of universe you lived in by comparing the density in 
the universe you observed today (ρ0) with a critical density calculated 
from the observed value of the expansion rate: ρcrit = 3H0

2/8πG, where 
G is Newton’s gravitation constant and H0 is Hubble’s constant. Given 
the current best value for the Hubble constant, the value of the critical 
density is ρcrit = 8.5 × 10- 30 gram/cubic centimeter. In Friedmann’s models 
the future of the universe is determined by the value of omega (Ω0) = 
ρ0 /ρcrit, which is simply the ratio of the density observed today to the 
critical density. Th is value was named omega aft er the last letter in the 
Greek alphabet, for it was considered to be the last parameter to be 
sought in cosmology. Once again, the subscript 0 refers to the fact that 
it is evaluated at the present epoch. If the value of the matter density in 
the universe today is larger than ρcrit, then Ω0 > 1, and this corresponds 
to Friedmann’s 1922 model, which starts with a Big Bang and ends by 
collapsing in a Big Crunch (recall Figure 1.3).

Th is is a fi nite universe having positive spatial curvature. It looks like 
the surface of a balloon but with one higher dimension. As the balloon 
expands, the volume of space grows. But when the universe starts col-
lapsing in the future, the volume of the universe will shrink as the gal-
axies crowd together. Eventually, at the Big Crunch, the volume of the 
universe shrinks to zero as the balloon collapses to zero size. But what if 
the density in the universe is less than the critical density, and Ω0 < 1? 
Friedmann examined this type of model in 1924. In this case, the uni-
verse has a negative spatial curvature and looks like the surface of a 
western saddle, but with one dimension higher (see Figure 1.5).

Th e saddle extends infi nitely, making this a universe with an infi nite 
volume. Th is model starts with a Big Bang and expands forever. Th e gal-
axies weigh so little that their mutual gravitational attraction is unable 
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ever to stop the expansion of the universe. Eventually, Howard P. Rob-
ertson (of Princeton and later Caltech) would add a third intermediate 
case: Ω0 = 1. Here the universe’s spatial geometry is fl at like a Euclidean 
plane. Imagine an infi nite, expanding sheet of rubber. Th e universe at 
a given epoch has an infi nite volume and obeys the laws of Euclidean 
solid geometry. Th is third model also starts with a Big Bang and ex-
pands forever. It has just barely enough kinetic energy in expansion to 
overcome the mutual gravitational attraction of the galaxies. Much of 
the cosmological quest in the twentieth century was centered on the 
search for the value of Ω0.

In 1931 Einstein visited Pasadena and met with Hubble. Using con-
temporary reports, along with Einstein’s correspondence and diary, 

Ω0 > 1

Ω0 < 1

Ω0 = 1

Figure 1.5. Curvature of the universe. If Ω0 > 1, the universe is positively curved like the 
surface of a balloon (like the Einstein Static Universe, Figure1.1, or the Friedmann 1922 uni-
verse, Figure 1.3). A positively curved universe is fi nite with a fi nite number of galaxies. If 
Ω0 < 1, the universe is negatively curved like a saddle. If Ω0 = 1, the universe has zero curva-
ture, like a fl at plane. The last two cases are infi nite in extent with an infi nite number of gal-
axies. Triangles have a sum of angles greater than 180° if Ω0 > 1, less than 180° if Ω0 < 1, 
and equal to 180° (the Euclidean value) if Ω0 = 1. (Credit: NASA)
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Harry Nussbaumer has chronicled Einstein’s conversion from a static 
model to a Friedmann Big Bang– type model in 1931. He notes that 
weighing on Einstein’s mind was Arthur Eddington’s 1930 demonstra-
tion that Einstein’s 1917 static model was unstable: perturb it a little and 
it could start expanding. According to a report by the Los Angeles Times 
on February 5, 1931, Einstein said this in a seminar:

Th e redshift  of distant nebulae has smashed my old construction like a ham-
mer blow. Th e only possibility is to start with a static universe lasting a while 
and then becoming unstable and expansion starting [Eddington’s prescrip-
tion], but no man would believe it. A theory of an expanding universe at 
the rate fi gured from the recession of nebulae would give too short a life to 
the great universe. It would be only 10 thousand million years old, which is 
altogether too short a time.

Actually 10 thousand million years, or 10 billion years, is close to the 
true age of the universe— 13.8 billion years— but Einstein was worried 
because at that time, following work by James Jeans, the ages of the stars 
were thought to be about 6 trillion years. Th is was based on the plausible 
but erroneous idea that stars were destroying atomic particles in their 
cores and converting all of their mass into energy via Einstein’s equation 
E = mc 2. (In fact, stars are burning hydrogen into helium in their cores, 
which releases only 0.7% of their mass in the form of energy. When the 
nuclear reactions in stars became properly known, the ages of the old-
est stars could be calculated accurately and turned out to be of order 
13  bil lion years.) Einstein convinced himself that the age argument 
might have a loophole— if stars were inhomogeneous in composition— 
and he became willing to adopt the simple Friedmann models without 
a cosmological constant. In an April 1931 report to the German Acad-
emy, he favored Friedmann’s original 1922 spherical Ω0 > 1, Big Bang–
 Big Crunch model. By January 1932, he had teamed up with de Sitter to 
cham pion an Ω0 = 1, fl at Friedmann- type model that expands forever.

By 1948 physicist George Gamow and his students, Herman and Al-
pher, were using an expanding Ω0 < 1 Friedmann model to predict that 
the early universe should be hot and fi lled with thermal radiation. Th e 
amount of radiation could be calculated from the requirement that the 
right amounts of hydrogen, helium, and deuterium (heavy hydrogen) 
got made in the fi rst 3 minutes of the universe’s history. As the universe 
expanded, the wavelengths of this initial thermal radiation would be 
stretched by the expansion itself and the radiation should have cooled 
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to just a few degrees above absolute zero on the Kelvin scale by now, 
they calculated. (Kelvin = Celsius − 273. Absolute zero Kelvin repre-
sents no molecular motion.) Th is left over radiation should be visible as 
microwaves today, still batting around the universe. Arno Penzias and 
Robert Wilson discovered this cosmic microwave background radiation 
in 1965, proving that the universe had a hot, Big Bang beginning. Th ey 
would win the 1978 Nobel Prize in Physics for this discovery. I worked 
for them as a graduate student, when their momentous discovery had al-
ready become the stuff  of legend in astronomy.

Th ere is another, oft en unsung, hero who should join our cast of char-
acters from the early days: Georges Lemaître. In 1927, he plotted some 
distance data from Hubble versus redshift s from Slipher and got a linear 
relation. Lemaître said this meant the universe was expanding. Th at’s 
before Hubble’s 1929 paper. Lemaître published in an obscure Belgian 
journal and his paper was not immediately noticed. Lemaître was a the-
orist; he had his own cosmology, which had the same spatial geometry 
as the Einstein and Friedmann models— the curved surface of a higher- 
dimensional sphere. It started with a Big Bang and expanded like Fried-
mann’s model did, then stalled at a constant radius for a while, looking 
like an Einstein static model, and eventually began an accelerated ex-
pansion that approximated an expanding de Sitter space at late times. As 
the matter in the model thinned out in the fi nal phase of expansion, it 
became quite sparse (nearly empty) and approximated de Sitter space— 
which Lemaître correctly realized was actually expanding at late times. 
Th is whole scenario used Einstein’s equations with a cosmological con-
stant. Actually, of all the models of that time, it is Lemaître’s that comes 
the closest to what we know today. (We just don’t have Lemaître’s inter-
mediate phase, in which the universe “coasts” following Einstein’s static 
model.) It can be argued that Lemaître was the fi rst to realize (utilizing 
data from Slipher and Hubble, of course) that the universe was actually 
expanding.

Hubble always plotted velocity versus distance, presumably because 
he thought that the other galaxies were receding from us and, there-
fore, by implication, that the universe was expanding. But he was rather 
circumspect on this topic, noting explicitly that the de Sitter solution 
implied the possibility of other general relativity eff ects at work— that is, 
gravitational as well as Doppler redshift s. He didn’t want to be wrong. 
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He wanted credit for discovering the linear redshift - distance law, and he 
left  the interpretation to the theorists.

Later, George Gamow wrote that Einstein once told him that the cos-
mological constant was “the greatest blunder” of his life.3 No one much 
noticed Friedmann’s 1922 paper, and Friedmann himself died in 1925, 
well before Hubble’s observations in 1929 and 1931. Friedmann never 
lived to see his paper vindicated. But if Einstein had written the Fried-
mann paper instead, everyone would have noticed. If Einstein had not 
invented the cosmological constant, his theory would have predicted 
that the universe should be expanding (or contracting) in advance of 
Hubble’s observations. Th en, when Hubble’s observations came out, Ein-
stein’s theory of general relativity would have been proven correct in 
extraordinary fashion. Predicting ahead of time the expansion (or con-
traction) of the universe and having it confi rmed by Hubble would have 
been a much more spectacular confi rmation of general relativity than a 
little light bending around the Sun.

But in a further twist, in 1997 astronomers discovered that the ex-
pansion of the universe is actually accelerating today. Th is would not oc-
cur in a Friedmann- type model. Remarkably, it requires something that 
looks exactly like the cosmological constant term Einstein proposed. 
Ein stein has triumphed aft er all, and so has Lemaître, whose cosmolog-
ical model ended with an accelerating period of expansion, just as we 
now observe. Einstein’s invention of the cosmological constant had not 
been a blunder aft er all.

Before Hubble, the universe consisted of the Milky Way. By the time 
he was fi nished, Hubble had left  us with a universe fi lled with a myriad 
of galaxies— spirals, ellipticals, and irregulars— and these galaxies were 
rushing away from us. Th e further away they were, the faster they were 
receding. Hubble left  us with an expanding universe. In his 1931 paper, 
Hubble noted that the proposed 200- inch telescope on Palomar Moun-
tain could see galaxies out to a redshift  of 60,000 kilometers/second. He 
was the fi rst to observe with the new telescope when it opened in 1947. 
But he didn’t get to use it as much as he had hoped. He died in 1953. Yet 
the Hubble Space Telescope, named in his honor, has now observed gal-
axies at a distance of 13 billion light- years, receding from us at nearly the 
speed of light. One hundred forty billion galaxies lie within the range of 
this telescope. Th is is Hubble’s universe.
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