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of the universe. According to Kepler, at the moment of Creation the 
Sun would have been at solar apogee (the moment during the Earth’s 
orbit when the Earth and Sun are furthest apart) and simultaneously at 
the head of the constellation Aries. Kepler understood that the direc-
tion of the solar apogee—that is the direction with respect to the back-
ground stars in the constellations of the zodiac in which an Earth ob-
server sees the Sun when it reaches its apogee position—changes from 
year to year, though it does so very slowly. Using then-current values 
for the rate of movement of the solar apogee and the then-current po-
sition of the Sun, Kepler calculated backwards to the time when the 
solar apogee would have been at the head of the constellation Aries. 
His answer: God created the world in 3993 bce at the summer solstice. 
Kepler’s contemporary, the Danish astronomer Christian Longomonta-
nus, used the same logic to calculate the year of Creation as 3964 bce. 

Even Isaac Newton, who coinvented calculus and discovered the 
first quantitatively successful law of gravity, had his say on the matter. 
In his Chronology of Ancient Kingdoms: Amended, published posthu-
mously in 1728, Newton combined information from scripture, from 
Herodotus’ Histories, and from astronomy—he used his calculations of 
the precession rate of the equinoxes to determine that the Argonaut’s 
expedition took place in 936 bce—to affix Creation at 3998 bce.

It would appear, then, that by the early eighteenth century, a schol-
arly consensus had developed: Creation took place around 4000 bce, 
give or take a few decades. Lightfoot (3929 bce), Longomontanus 
(3964 bce), Kepler (3993 bce), Newton (3998 bce), and Ussher (4004 

Table 2.1.
Dates for the Creation of the Universe Based on Biblical Chronology 

Chronologist Date for Creation of the Universe

Rabbi Jose ben Halafta 3760 bce
Reverend John Lightfoot 3929 bce
Christian Longomontanus 3964 bce
Johannes Kepler 3993 bce
Isaac Newton 3998 bce
Bishop James Ussher 4004 bce
Eusebius, Bishop of Caesarea 5203 bce
Julius Africanus 5504 bce
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Figure 3.1. Zircon grains from 
Jack Hills, Western Australia. 
Each grain is a few tenths of a 
millimeter in length. Image 
courtesy of Aaron Cavosie, 
University of Puerto Rico, 
Mayagüez.

Evidence from the Moon and Meteorites

Zircon grains are the oldest known rock fragments found on Earth that 
are derived from the weathering of terrestrial rock formations, but even 
they are not the oldest objects on Earth. That distinction is shared by 
two categories of objects that are extraterrestrial in origin: lunar rock 
samples brought to Earth by the Apollo astronauts and meteorites that 
have fallen to Earth.

Planetary scientists now hypothesize that the Moon formed when a 
Mars-sized object smashed into the young Earth. The collision splashed 
out from the outer part of the Earth a small planet’s worth of debris 
that went into orbit around the Earth. Much of that debris quickly ac-
creted in orbit to form the Moon. No other hypothesis offered for the 
formation of the Moon is able to explain why the Moon has virtually 
no iron (most of the iron in the Earth had settled to the core before the 
giant impact occurred), why the ratios of oxygen isotopes in Moon 
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rocks are identical with those ratios in crustal rocks on Earth, and why 
the Moon is so depleted of volatile substances like water. 

The Moon has no atmosphere, no oceans, no life, and no weather. 
Consequently, the only erosion that occurs is the result of the very 
slow sandblasting of the lunar surface by cosmic ray particles. In places 
on the Moon that have not suffered enormous asteroid impacts or been 
covered in lava flows, rocks have been preserved unchanged from the 
time they were first formed. Several Apollo missions specifically tar-
geted such locations so that the astronauts might collect samples of 
rocks that were likely to be extremely old. Quite a few lunar rock sam-
ples from the lunar highlands have radiometric ages of at least 4.4 bil-
lion years. Several Moon rocks brought back by the Apollo 15, 16, and 
17 astronauts have radiometric ages of 4.5 billion years. Since the 
Moon must be older than the oldest rocks on the lunar surface, the 
Moon is at least 4.4 and almost certainly at least 4.5 billion years old. 
Since the Earth is older than the Moon, the Earth must be at least 4.4 

Figure 3.2. Ancient lunar crustal rocks collected on Apollo missions. These rocks are 
about 4.5 billion years old, indicating that parts of the Moon’s crust solidified soon 
after the Moon was formed.  Photo courtesy of NASA Johnson Space Center.
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billion years old and probably more than 4.5 billion years old, which is 
a few tens of millions of years and perhaps 100 million years older than 
the oldest terrestrial zircon grains known today. 

Virtually all meteorites have radiometric ages that fall between 4.4 
and 4.6 billion years. The very oldest materials in the oldest meteorites 
are tiny mineral structures known as calcium-aluminum-rich inclu-
sions (CAIs). Like zircon grains, CAIs have remained intact since their 
formation from material in the gaseous and dusty disk surrounding the 
young Sun. Over time, they collided with other small objects. Through 
these sticky collisions, the CAIs were incorporated into bigger objects 
that grew from dust-grains into pebbles, rocks, and boulders. These 
larger objects continued to orbit the Sun. Those that remain we call 
asteroids. 

Every year, some asteroids collide or exert enough gravitational at-

Figure 3.3. The Allende meteorite. The white to light gray, irregularly shaped 
speckles in the Allende meteorite are calcium-aluminum-rich inclusions (CAIs). 
Photo courtesy of Laurence Garvie/ASU; courtesy of Center for Meteorite Studies, 
ASU.
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particles within a few tens of millions of years after the star started to 
form. All the astrophysical evidence supports the assertion that the 
Sun is older than the Earth, but only by a few million to a few tens of 
millions of years. The oldest meteorites could be among the very first 
solid objects formed in the solar system and might be almost as old as 
the Sun itself. 

The Sun Must Have an Energy Source

The Sun is a large spherical object, made mostly of hydrogen and he-
lium gas, that emits light. That light heats and illumines the Earth. We 
know the distance of the Earth from the Sun and we know the physi-
cal size of the Earth. From these two numbers, we can calculate the 
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Figure 4.1. Illustration of the theory 
that stars form from rotating clouds of 
gas in space. 
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fraction of emitted sunlight that is intercepted by the Earth. And from 
all of this information, we can calculate the total amount of energy 
released by the Sun every second. Simply by measuring the distances 
and luminosities of other stars, we can perform similar calculations for 
any star in the sky.

If stars radiate heat, their surface temperatures should decrease un-
less the heat is replenished from within. Since the interiors of stars will 
be hotter than their surfaces, stars will compensate for any heat lost 
from their surfaces through the transfer of heat from their centers to 
their surfaces. Unless the cores of stars have heat sources, they must 

Figure 4.2. Hubble Space Telescope images showing flattened disks around newborn 
stars (known as proplyds) in the Orion Nebula. Image courtesy of NASA, ESA and L. 
Ricci (ESO).
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The positron will quickly find its anti-particle, an electron; and in 
that collision, they will annihilate one another, turning all of their 
combined mass into energy in the form of a high-energy gamma ray 
photon. The gamma ray doesn’t travel far before it is absorbed by an-
other particle, adding to that particle’s energy and thereby making it 
move faster. Since the average speed of the particles in a gas deter-
mines its temperature, when this first step in the proton-proton chain 
has been repeated many times it has the effect of heating the gas at the 
center of the star. The neutrino has properties such that it only rarely 
collides with other particles (it is known as a weakly-interacting parti-
cle), so almost all neutrinos produced in this reaction fly right out of 
the Sun. 

In the next step in the proton-proton chain, the deuterium nucleus 
collides with another proton to form a helium nucleus, though this is a 
lightweight helium nucleus with two protons but only one neutron 
(3He; called “helium-three”). This reaction also generates a gamma 
ray, which will be absorbed by a nearby particle, contributing excess 
kinetic energy to that particle and heating the surrounding gas.

These first two reactions must each happen twice so that two 3He 
nuclei are created. Finally, these two 3He nuclei collide, forming a 4He 
nucleus and knocking loose two protons. The combined mass of four 
protons is 6.690 x 10-24 g, while the mass of one 4He nucleus is 6.643 x 
10-24 g. The fractional difference in mass between the input and output 
particles, equal to 0.7 percent of the starting mass, is the amount of 
mass converted to energy in this process. If the entire mass of the Sun 
were available (which it is not) for this mass-to-energy conversion pro-
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Figure 4.3. In the proton-proton chain, four protons combine to 
form a helium nucleus. In the process, some mass is converted 
into energy and a small amount of mass is converted into particles 
called neutrinos. This nuclear fusion reaction generates the 
energy that powers the Sun.
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but real possibility that the second proton can get past—metaphorical-
ly, tunnel through—the barrier despite lacking the energy to climb 
over. The likelihood that two protons will collide at temperatures of 
only about 10 million K, without quantum tunneling, is effectively 
zero. But quantum-tunneling calculations indicate that though this 
event is unlikely, it should happen for any pair of protons once in about 
10 billion years. This probability, restated, means that if I have ten bil-
lion protons, this event should happen once per year. Since the core of 
the Sun has an almost unfathomable number of protons (about 10 to 
the 55th power, 1055), enough of these unlikely collisions happen every 
second (in fact more than 1038 per second) that the Sun is able to 
power itself through nuclear fusion reactions.

If we start at the core of the Sun and move outwards, both the tem-
perature and density of the gas will decrease toward the surface. Out-
side of a critical radius, the temperature and density will be too low for 
any nuclear fusion reactions to take place, even with the help of quan-
tum tunneling. The region inside this critical radius is the core of the 
Sun; the region outside the core is called the envelope. In the Sun, 
only the hydrogen located in the core can participate in the proton-
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Figure 4.4. The Maxwell-Boltzmann distribution depicts the speed (x value) versus 
the number of particles in a gas moving at each speed (y value). As the gas tempera-
ture increases, the entire distribution broadens and shifts toward higher speeds. In the 
core of the Sun, only a very few particles with the very highest speeds have enough 
energy to participate in nuclear fusion reactions.
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stars and nuclear physics to determine how stars produce energy. In 
combination, these tools enable astronomers to figure out how stars are 
born, live, and die (Chapter Twelve). In turn, understanding the life-
times and life cycles of stars, will enable astronomers to determine the 
ages of white-dwarf stars (Chapter Thirteen) and star clusters (Chapter 
Fourteen), which will at last lead us to consistent estimates for the age 
of the universe. 

The Apparent Brightnesses of Stars

The brightness that we are able to measure for any object—astrono-
mers call this the apparent brightness—is not the same as the intrinsic, 
or absolute, brightness of that object. Apparent brightness depends on 
two properties of that object: its intrinsic brightness and its distance 
from us. Astronomers can easily measure the apparent brightness of a 

Figure 5.1. The Big Dipper. Some stars appear brighter than others; however, the 
brightest stars may not be intrinsically brighter than the fainter stars. Instead, they 
may be intrinsically faint stars that happen to be near the Sun. Image courtesy of 
Noel Carboni.
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measureable. With Eratosthenes humankind had taken its first step to-
ward surveying the universe.

The Astronomical Unit: 
A Bigger Measuring Stick

Almost two millennia later, astronomers took yet another crucial step 
into the cosmos. They determined the length of the astronomical unit 
(AU). 

The astronomical unit is a measure of length related to the size of 
the Earth’s orbit. From ancient times, astronomers had attempted to 
measure the sizes of the presumed-to-be-circular orbits of the known 
planets in proportion to the size of the Sun’s presumed-to-be circular 
orbit, with the Earth being, by definition, one AU from the Sun. In the 
sixteenth century, Nicholas Copernicus applied his new heliocentric 
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Figure 5.2. Eratosthenes’ method for measuring the circumference and diameter of 
the Earth.
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which most likely is an object scattered out of the Kuiper Belt after a 
close gravitational encounter with another Kuiper Belt object and 
which is currently just under 90 AU from the Sun, has an orbital semi-
major axis of 536 AU. Because Sedna has a highly elliptical orbit, it 
will come as close to the Sun as 76 AU in 2075 and will travel out to 
975 AU in about 6,000 years. Some comets have orbits that take them 
much further from the Sun than Sedna, out to distances beyond 10,000 
AU from the Sun. These comets require millions of years to complete 
a single orbit. Yet, the incredible distance to Sedna and to these distant 
comets pales in comparison to the distance to Proxima Centauri, which 
is the closest star (other than the Sun) to the Earth. And of course 
Proxima Centauri does not orbit the Sun, so we cannot measure the 
distance to Proxima Centauri or to any other star using the methods 
we used to survey distances within our solar system. 

To step further out into the universe and measure distances to stars, 
astronomers needed a tool more far-sighted than the astronomical unit. 
Knowledge gained from the astronomical unit did, however, allow 
them to develop the technique that would bring them closer to their 
goal. Namely, trigonometric parallax.

aphelion

planet

Sun

semi-major axis

perihelion

Figure 5.3. Kepler discovered that planets orbit the Sun in ellipses, not circles. The 
size of an orbit is typically described in terms of the semi-major axis of the ellipse 
(half the length of the long axis). For the Earth’s orbit, this length is one astronomi-
cal unit. The closest approach of the planet to the Sun is called the perihelion point, 
the point at which the planet is furthest from the sun is the aphelion point.
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Trigonometric Parallax

Hold your arm straight in front of you with your index finger pointed 
up. Close your right eye and look at your finger with your left eye, mak-
ing a mental note of the positions of more distant objects that appear 
nearly directly behind your index finger. Now open your right and close 
your left eye; again, make a mental note of the positions of more dis-
tant objects seen directly behind your index finger. If you did not al-
ready know that your finger was nearby and the background objects 
much more distant, you would think that your finger had moved from 
one location to another; in fact, your finger never moved but the loca-
tion (first your left eye, then your right eye) from which you made your 
measurement did. This apparent change in the position of your finger 
is called trigonometric parallax. With binocular vision, we can notice 
small angular shifts (called the parallax angle) in the apparent posi-
tions on objects. Because closer objects have larger angular shifts than 
more distant objects, the relative sizes of trigonometric parallax angle 
measurements enable us to infer relative distances.

Parallax measurements can be made precise and quantitative if we 
think about these measurements in terms of the sides and angles of a 
right triangle. A right triangle has one 90-degree angle. When we make 
a parallax measurement, we are measuring one of the other two angles. 
Since the sum of the three angles in a triangle is 180 degrees, our one 
measured angle yields the values of all three angles of our right triangle. 
Applying laws of geometry developed by the Greek geometer Euclid 
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Figure 5.4. Parallax is the perceived change in direction or position 
of an object when we view that object from two different locations. 
We do this all the time using our binocular vision (as each of our 
eyes is at a slightly different viewing location).
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But we can do much better than that. All we need do is take advan-
tage of a very simple property of the Earth: it orbits the Sun. By anal-
ogy with the geometry of our faces, imagine that one “eye” is a tele-
scope on or in orbit around Earth at any given moment in time and 
that the second “eye” is the same telescope located on or in orbit 
around Earth exactly six months later, when the orbital motion of 
Earth has carried our telescope to the other side of the Sun; the Sun’s 
location is analogous to the bridge of our nose. The “eye to nose” dis-
tance for our new triangle is the distance from the Earth to the Sun, 
i.e., the astronomical unit. We have now achieved a triangle base of 
nearly 150 million kilometers, which can be used to measure the paral-
lax angles to stars located at very large distances. Eventually, astrono-
mers hope to increase the baseline even further by placing telescopes 
in distant parts of the solar system, but for the foreseeable future, our 
parallax measurements will be limited by the size of Earth’s orbit.

The Parsec—An Even Bigger Measuring Stick

When astronomers work out the geometry for parallax measurements, 
the mathematics can be made very simple and clear if we choose the 
right units for distances and angles. First, angular units. Recall that the 

Earth,
July 1

Earth,
January 1

Figure 5.5. Annual parallactic motion. 
Between January and July, the Earth has 
moved halfway around its orbit. When we 
view a nearby star in January and again in 
July, that star will appear to have moved 
relative to the positions of more distant 
stars.
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until you declare that the two light bulbs appear equally bright. Since, 
in this case, you do know the intrinsic brightness of the two bulbs, you 
know that one of them, the intrinsically brighter one, is more distant 
than the other. You measure the distance to the 90-watt light bulb: 
three meters. At a distance (3 meters) that is three times greater than 
the distance (1 meter) to the fainter bulb, the bulb that is intrinsically 
nine times more luminous (90 watts) appears identical in apparent 
brightness to the fainter (10 watts) bulb.

Next we’ll perform an experiment with two light bulbs of unknown 
intrinsic brightnesses. This time, however, you are not holding the 
lamps and you have no information about their distances from you, but 
when you measure their brightnesses you find that the two bulbs ap-
pear identical in brightness. In this experiment, how do you decide if 
the two light bulbs are identical in wattage and are located at equal 
distances from you or if one is intrinsically brighter but is placed at a 
greater distance? Without actually measuring the relative distances to 
these two bulbs (or stars), either explanation is equally plausible. 

Light from a central point spreads out evenly in all directions. If we 
place a light source at the exact center of a giant spherical shell, that 
light source will illuminate with equal amounts of light every square 
meter of the inside surface of that sphere. We can calculate how much 
light each square meter of the inside surface of the sphere will receive 
by dividing the surface area of the sphere—which is proportional to 

1 m

3 m

Figure 6.1. The inverse square law. 
When an object is at a distance of 
three meters from a light source, the 
light source must illuminate nine 
times more area than if the same 
object were at a distance of one meter. 
As a result, the light on each square is 
one-ninth as bright at a distance of 
three meters as at a distance of one 
meter.
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some stars might be explained by their motions; see Chapter Ten). By 
the 1830s then, astronomers recognized that stars differed in both 
brightness and color.

Distinct Spectra

The 19 February 1672 issue of Philosophical Transactions includes a let-
ter from Isaac Newton on the colors of light. This paper, which estab-
lished his reputation as a natural philosopher, presented his work on 
optics in which he established that white light is composed of a spec-
trum of colors, ranging from violet to red.

In 1802 the English chemist William Wollaston and in 1814 the 
German glassmaker Joseph Fraunhofer independently discovered dark 
lines in the spectrum of the Sun. Wollaston noted seven such lines; 
Fraunhofer identified hundreds, which he was convinced were intrin-

Figure 7.1. Newton’s experiment with white light, in which he demonstrated that 
white light from the Sun can be dispersed into a rainbow of colors, as presented in a 
sketch redrawn from Voltaire’s Eléments de la Philosophie de Newton, published in 
1738.
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sic to the Sun. Three years after his initial discovery, Fraunhofer pub-
lished his discovery in his memoir “The Determination of the Refrac-
tive and the Dispersive Power of Different Kinds of Glass” that the 
spectra of Sirius also showed three dark lines, one in the green and two 
in the red, “which appear to have no connection to those of sunlight.” 
He continued, “In the spectra of other fixed stars of the first magni-
tude, one can recognize bands (dark lines); yet these stars, with respect 
to these bands, seem to differ among themselves.” 

And so it was that by 1840, William Herschel’s identical stars had 
given way to stars that differed in brightness, color, and spectral fea-
tures. Astronomy was about to give way to astrophysics. 

What Is light?

In order for us to follow the important astrophysical discoveries of the 
rest of the nineteenth century and beyond, we will need to understand 
several properties of light. Light, of course, is absolutely fundamental 
to astronomers: it is what we measure when we observe celestial ob-
jects. So, in this next section we will take a brief side-trip to explore 
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Figure 7.2. A modern spectrum showing the kinds of dark lines originally seen by 
Fraunhofer and Wollaston in the early nineteenth century. The labels at the top 
indicate the wavelength of light (in units of angstroms; one angstrom is one ten-
billionth of a meter), the labels at the bottom which elements are responsible for 
which lines. Image courtesy of E. C. Olson, Mount Wilson Observatory.
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Figure 7.3. Top, the Milky Way seen in visible light. There are very bright regions 
due to the accumulated light from millions of stars, as well as numerous patches of 
darkness where dusty, interstellar clouds block the light of the stars. Bottom, the 
Milky Way as seen in infrared light. The overall bright glow is produced mainly by 
heated clouds of interstellar dust. Images courtesy of Axel Mellinger (top), E. L. 
Wright, The COBE Project, DIRBE, and NASA (bottom).
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idly, toward the longest wavelengths. The wavelength at which a 
blackbody emits the most light is shorter for hotter objects, longer for 
colder objects; and, from identical areas of their surfaces, a hotter 
blackbody emits more light or energy than a colder blackbody. Ex-
tremely hot objects (millions of degrees), such as the disks around 
black holes, emit most of their light as X-rays. Objects with tempera-
tures of tens of thousands of degrees (the hottest stars) emit most of 
their light in the ultraviolet range. Objects with temperatures of thou-
sands of degrees (stars like the Sun) emit mostly visible light. Objects 
with temperatures of hundreds of degrees (such as you or me or the 
Earth) emit most effectively in the infrared range (though such objects 
do also emit extremely faint amounts of red light that can be collected 
and amplified by night-vision goggles). 

As we have noted, the wavelength at which a blackbody emits the 

Figure 7.4. Blackbodies of different temperatures. Objects known as blackbodies emit 
energy in the form of light at all wavelengths, from gamma and X-rays (left) to radio 
waves (right). At a given temperature, a blackbody emits more energy per second at 
one wavelength than any other wavelength. The wavelength at which a blackbody 
emits the most energy depends only on the temperature of the blackbody. This illus-
tration shows blackbody curves for blackbodies at temperatures of 5,000 K (close to 
the temperature of the Sun; most of the light is emitted as visible light), 4,000 K, 
3,500 K, 3,000 K, and 2,000 K (most of the light emitted is infrared).
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discrete spectral lines when the element is in the form of a hot, rarefied 
vapor; absorption of light produces discrete spectral lines when the ele-
ment is in the form of a cool vapor and lies in between a light source 
and the viewer; and emission of a continuous spectrum (for which 
Kirchhoff coined the term blackbody spectrum) occurs when an object is 
hot and dense. Armed with this understanding of light, Kirchhoff and 
Bunsen were able to identify specific elements in the spectrum of the 
Sun. In so doing, they inaugurated the new era of stellar spectroscopy, 
which would dominate astronomy for the next half century.

A Transition: From Naming Stars to Classifying Stars

Some of the brightest stars in our heavens are known to us by given 
names —Polaris, Sirius, Antares, Rigel. Being able to point to a star 
and call it by its personal name may give us a comfortable sense of fa-
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Figure 8.1. Two views of an ultraviolet spectrum of the Sun. Top, the photographic 
image of the spectrum, revealing the bright lines that mark wavelengths at which 
ultraviolet light, between the wavelengths of 300 and 350 angstroms, emerges from 
the Sun. Bottom, a plot of the intensity or brightness of the spectrum across the same 
wavelength range. Image courtesy of NASA.
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lection would include the photographic spectra of fifty stars. In 1886 
his widow donated his equipment and provided an endowment to the 
Harvard College Observatory to establish the Henry Draper Memorial 
Fund, with the intent that these funds support additional work along 
the lines established by her husband. 

Edward Pickering, the Director of the Harvard College Observatory 
from 1879 until 1919, did just that. With a telescope that could image 
a large area on the sky, a prism that converted the light of every star 
into a tiny image of its spectrum, and the ability to capture this image 
of multiple stellar spectra on a single photographic plate, Pickering and 
his team of astronomers generated a photographic archive of spectral 
data for more than 10,000 stars that by 1890 would serve as the basis 
for the Draper Catalogue of Stellar Spectra. 

In order to analyze the thousands of spectra on the photographic 

Figure 8.2. Left, undated photograph of Henry Draper. Right, undated photograph of 
Draper at his telescope. Left image courtesy of the Draper Family Collection, 
Archives Center, National Museum of American History, Smithsonian Institution; 
right image courtesy of the Photographic History Collection, Division of Information 
Technology and Communications, National Museum of American History, 
Smithsonian Institution.
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plates, Pickering hired a number of women (whom he paid a fraction of 
the salary of men doing the same work) to act as his “computers.” The 
first of these was Williamina Fleming. Originally hired as Pickering’s 
housekeeper, she made the transition to the clerical staff of the Har-
vard Observatory in 1881 and was soon assigned the task of studying 
the stellar spectra that were arriving at the Observatory as the first 
fruits of the Draper family bequest. 

Fleming devised a system of assigning to each star a letter that cor-
responded to how much hydrogen could be observed in its spectrum. 
She used this scheme to personally classify most of the 10,351 stars 
that would appear in the 1890 Draper Catalogue. Though Pickering 
did acknowledge that “the greater portion of this work, the measure-
ment and classification of all the spectra, and the preparation of the 
catalog for publication, has been in charge of Mrs. M. Fleming,” he 
reserved sole authorship of the document for himself. Fleming’s sys-
tem comprised a total of seventeen spectral types, beginning with “A 
stars,” which had the most hydrogen, “B stars” with the next largest 
amount, and so on down to “O stars,” with showed virtually no evi-

Figure 8.3. Left, Edward Pickering. Right, room full of women “computers” at 
Harvard College Observatory, 1892. Fleming is seen standing in the middle of the 
group. Images courtesy of Harvard College Observatory photo collection.
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She reordered the categories and eliminated some of the overlapping 
designations, settling on a classification system that like Maury’s began 
with the O, B, and A stars but continued with the F, G, K and M stars. 
At Pickering’s urging, she dispensed with any further effort to classify 
stars using Maury’s subtypes and also with all other spectral types ex-
cept for the P (planetary nebulae) and Q (peculiar) stars. Within her 
revised spectral sequence, Cannon also recognized fractional grada-
tions (O2, O5, O8, B0, B2, B5, etc.), accurate to approximately a quar-
ter of a spectral class.

Thanks to Annie Jump Cannon, at the beginning of the twentieth 
century astronomers had a one-dimensional spectral typing system that 
accurately ordered stars from hottest to coolest and (so they thought) 
from youngest to oldest. The “hottest to coolest” part was right; the 
“youngest to oldest” was not. But the spectral sequence, now correctly 
arranged by temperature, was a still great start toward our modern un-
derstanding of stars. If an astronomer could identify a star from its spec-
trum as an O type, he now knew immediately that it was among the 
hottest of all stars.

Figure 8.4. Left, Annie Jump Cannon in her Oxford robe in 1925. Right, Cannon at 
work classifying spectra. Images courtesy of Harvard College Observatory photo 
collection.
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Figure 8.5. The classic spectral sequence as seen in photographic spectra of an O5 
star (Zeta Puppis), a BO star (Epsilon Orionis), an A1 Star (Sirius), an FO star (Can-
opus), a G2 star (Capella), a K1 star (Arcturus), an M2 star (Betelgeuse), and an M7 
star (Mira). The strong (dark) lines in these negative images for Sirius are due to hy-
drogen. The signature of hydrogen is weaker going both upwards and downwards in 
the spectral sequence. The strong lines in the O5 star are due to ionized helium, in 
the BO star to neutral helium. The strong lines on the left side of the F, G, and K 
spectra signal calcium, and the absorption bands in the M7 spectrum indicate the 
molecule titanium oxide. Image courtesy of Jim Kaler.
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near the Sun. At the other end of the measuring stick were the bright 
red stars, which had, on average, zero proper motion, making them the 
most distant group of stars. 

This last result was a surprise. How could the brightest stars be the 
most distant stars? Shouldn’t the closest be the brightest? All other 
things being equal (e.g., the intrinsic brightness of the stars and their 
physical sizes), in the absence of any interstellar material that would 
affect their brightnesses, the inverse square law for light demands that 
more distant stars should be fainter than closer stars. Therefore, if the 
bright red stars are much farther away than the faint red stars, then the 
apparently bright red stars must be intrinsically enormously more lumi-
nous than the apparently faint red stars. If the color of the star (or the 
strength of the hydrogen lines in the spectrum) is an indicator of 
temperature, then the bright red stars and faint red stars have simi- 
lar temperatures. If two stars are identical in temperature but one is 
much more luminous than the other, then according to the Stefan-
Boltzmann law the more luminous star must be much bigger than the 
less luminous star. 

Figure 8.6. Left, Ejnar Hertzsprung. Right, Henry Norris Russell. Images courtesy of 
Yale University Library (left) and the AIP Emilio Segre Visual Archives, W. F. Meggers 
Collection.
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that remains, a century later, the most ubiquitous and important dia-
gram in modern astronomy.

In his 1913 address, Russell noted that “there do not seem to be any 
faint white stars” (lower left area of the diagram), emphasized that “all 
the very faint stars . . . are very red” (lower right area of the diagram), 
pointed out that “all the stars of Classes A and B, especially the latter, 
are many times brighter than the Sun,” (the Sun is a spectral type G 
star) and emphasized that “there is no doubt at all that there exist 
many very bright red stars (such as Arcturus, Aldebaran, Antares, &c.) 
[that are] so bright that we can see them at enormous distances.” Rus-
sell made note of the absence of red stars of comparable brightness 
(magnitude +5) to the Sun: those [red] stars “are either much brighter 
or much fainter.” In his 1914 Nature paper, he wrote, “there are two 
great classes of stars, one of great brightness . . . the other of smaller 
brightness.” At this point, Russell graciously gave Hertzsprung credit 
for this discovery and for coining the “giant” and “dwarf” terminology: 
“These two classes of stars were first noticed by Hertzsprung, who has 
applied to them the excellent names of giant and dwarf stars.” Most 
dramatically, Russell asserted that “one can predict the real brightness 
of a dwarf star from a knowledge of its spectrum alone.” Russell’s 1913 
address to the Royal Astronomical Society was an epochal moment in 

Figure 8.7. First nine lines of a table from Henry Norris Russell’s 1910 paper. showing 
measured values of parallax for stars (Column 8), which he used with the measured 
apparent magnitudes of these stars (column 5) to calculate absolute magnitudes 
(column 13). With these absolute magnitudes, Russell had incontrovertible evidence 
that some stars of a given spectral type are faint (star 4), while others of the same 
spectral type (star 1) are bright.



chapter 8 • 92

B A

+12

+10

+8

+6

+4

+2

0

–2

–4

F G NMK

Figure 8.8. The first Hertzsprung-Russell (H-R) diagram, published in 1914 by Henry 
Norris Russell (Nature 93: 252). The horizontal axis indicated spectral type (a proxy 
for temperature), with the hottest stars at the left, the coolest at the right. The verti-
cal axis shows absolute magnitude, with the brightest stars at the top, the faintest at 
the bottom. The small solid and open dots represent measurements of individual 
stars; the large open circles are average measurements for groups of stars (the six open 
circles include data for 120 stars). The diagram shows the absence of faint white stars 
(lower left) and shows that the faintest stars are red (lower right). Red stars can how-
ever be either faint or extremely bright (top right). Russell noted that although there 
is some scatter both above and below, most stars cluster between the two diagonal 
lines in the region that has come to be known as the main sequence.
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Figure 9.1. H-R diagram made from 20,853 stars observed by the Hipparcos satellite. 
The temperature (equivalent to spectral type) is marked along the horizontal axis at 
the top of the plot. The surface temperature of a star can also be estimated fairly 
accurately by measuring the intensity (or magnitude) of light from the star in two 
different broadband filters (for example, U for ultraviolet, B for blue, V for visible, R 
for red) and calculating the difference between these two magnitudes. Astronomers 
call this difference a color or color index (e.g., the B-V color; say “B minus V color”). 
A star with a large B-V color is very red and cool; one with a negative B-V color is 
very blue and hot. This color (marked along the bottom of the plot) is unique for 
each temperature across the broad range of temperatures that characterize stars. Thus, 
the horizontal axis of an H-R diagram could be plotted as a function of spectral type, 
temperature, or color. The brightnesses of the stars are plotted along the vertical axis, 
either in terms of the absolute magnitude (left) or in comparison with the luminosity 
of the Sun (right). Image courtesy of Michael Perryman.
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Comparing left with Right across the H-R Diagram

Now, let’s compare two stars of the same absolute magnitude but of dif-
ferent spectral types. Star A is spectral type B0 while Star C is spectral 
type M0. From a post-1913 understanding of why certain spectral lines 
appear at certain temperatures, theorists have calibrated absolute tem-
peratures for all spectral types. As a result, we know that Star A has a 
high a surface temperature (30,000 K) while Star C has a much lower 
surface temperature (4,000 K); Star A therefore emits much more en-
ergy per square meter of surface area than does Star C. Since these two 
stars have the same absolute magnitude, they give off the same total 
amount of light; however, since Star A is hotter than Star C, Star A 
emits light much more efficiently than Star C from every square meter 
of its surface. We can therefore conclude that Star A must be signifi-
cantly smaller in surface area than Star C. In other words, when com-
paring two stars with the same intrinsic brightness, the red star is much 
bigger than the blue star. If both stars were intrinsically in the upper 
range of brightness, Star A would be a blue giant while Star C would 
be a red giant.

How Small Can a Star Be?

Alvan Graham Clark was an astronomer, telescope-maker, and the son 
and father of telescope-makers in the famous Alvan Clark & Sons 
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ss Figure 9.2. A comparison of two 
stars, A and B, on an H-R diagram. 
Stars A and B have the same 
temperature, but Star A is much 
brighter than Star B. Therefore, Star 
A must be much larger (with more 
surface area from which to emit 
light) than Star B.
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Company. Their most famous telescopes, both of which used large 
lenses (modern telescopes use mirrors) to collect and focus starlight, 
are the 36-inch (the diameter of the glass lens) Lick Observatory re-
fractor in California, completed in 1887, and the 40-inch Yerkes Ob-
servatory refractor in Wisconsin, completed in 1897. When completed, 
each was the largest telescope in the world at that time. In 1862, Clark 
discovered a faint companion to Sirius whose existence Friedrich Bes-
sel had predicted two decades earlier, based on his observations of the 
irregular motion of Sirius. Since Sirius and its faint companion, now 
called Sirius B, are members of a binary star system, they are at very 
nearly identical distances (2.64 parsecs) from the Earth and Sun; there-
fore, any difference in their apparent brightnesses must indicate the 
same difference in their intrinsic brightnesses. Furthermore, this dis-
crepancy must be due to a difference between either their temperatures 
or their sizes or both.
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Figure 9.3. A comparison of two stars, A 
and C, on an H-R diagram. Stars A and C 
emit the same total amount of light, but 
Star A is much hotter than Star C and 
consequently emits much more light from 
every square meter of its surface than Star 
C. Therefore, Star C must be larger (with 
more surface area from which to emit light) 
than Star A in order to compensate for 
emitting light less effectively.
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Figure 9.4. A comparison to the Sun 
of the relative properties of stars in 
the four corners of the H-R diagram. 
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Sirius is about twenty-three times more luminous than the Sun at 
the wavelengths of visible light. The temperatures of Sirius and the 
Sun are about 9,900 K and 5,780 K, respectively. With this informa-
tion and the Stefan-Boltzmann law (Chapter Seven), we can directly 
determine the diameter of Sirius: 2,300,000 kilometers, which is 60 
percent greater than the diameter of the Sun. Now, with knowledge of 
the absolute size of Sirius, we can use the relative brightnesses and 
temperatures of Sirius and Sirius B to determine the absolute size of 
Sirius B.

Including light emitted by both stars at all wavelengths, we know 
that Sirius is 780 times brighter than Sirius B. In 1915, Walter Adams 
determined that the temperatures of Sirius and Sirius B are nearly 
identical; this measurement led directly to the realization that the size 
of Sirius B was comparable to or even smaller than that of the Earth. 
The most accurate modern measurements reveal the surface tempera-
ture of Sirius B to be about twice as hot as that of Sirius, at about 
25,000 K. This information, along with the Stefan-Boltzmann law and 
our knowledge of the actual physical size of Sirius allows us to calculate 
the size of Sirius B. The answer: Sirius B has a diameter of about 12,800 
kilometers, which is virtually identical to the diameter of the Earth 

Figure 9.5. Sirius (center) and 
Sirius B (toward lower left 
corner). Image courtesy of the 
Space Telescope Science 
Institute.
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Redshifts and Blueshifts

In 1842, Austrian mathematician and physicist Christian Doppler 
published a monograph in which he predicted that the frequency (or 
wavelength) of a sound wave would be affected by the motion of the 
source of the sound toward or away from the observer of the sound. 
Soon thereafter, in 1848, French physicist Louis Fizeau made a similar 
prediction about light, suggesting that the wavelengths (or colors) at 
which starlight arrives in our telescopes will be affected by the motion 
of the star toward or away from the Earth. These changes in the wave-
lengths of light or sound caused by the motion of the light (or sound) 
source toward or away from the observer are known as Doppler shifts.

Here’s an example of a Doppler shift: if the velocities of a star and of 
the Earth are such that the distance between them is increasing (we 
can think in terms of the Earth moving away from the star or the star 
moving away from the Earth; all that matters is their relative motion), 
the wavelength of light from that star as observed by an astronomer on 
Earth will be larger than the wavelength at which the light was emitted 
by the star. If we think about yellow light (in the middle of the visible 
spectrum) emitted by such a star, the yellow light would appear shifted 
toward longer (redder) wavelengths as seen by an Earthly observer. 
Thus, we call the change in the wavelength of light a redshift if the 
distance between the Earth and the star is increasing. On the other 
hand, if the velocities of a star and the Earth are such that the distance 
between them is decreasing, the wavelength of light from that star that 
is observed by an astronomer on Earth will be smaller than the wave-
length at which the light was emitted by the star. In this case, the yel-

Figure 10.1. Illustration of Doppler shift, with 
light source moving to the right.
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molecules at particular temperatures and densities, the rest wavelengths 
for a vast array of elements and molecules that might appear in astro-
physical spectra have been measured in laboratory experiments and are 
available for comparison with telescopic data.

Redshift or blueshift is of great importance for measuring the radial 
velocity of an object. This is because the amount of the shift does not 
depend on any other properties specific to that object (e.g., tempera-
ture, mass, diameter, composition, type of object) but on its radial ve-
locity alone. Since radial velocity is measured directly from a spectrum, 
and since this measurement does not require knowledge of the distance 
to or the absolute magnitude of an object, radial velocities can be mea-
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B2 1208+32A z = 0.359

4C 73.18 z = 0.302

9000
°

Figure 10.2. A spectrogram recorded by a Kitt Peak National Observatory telescope, 
in which the top spectrum (obtained for a hydrogen light source at rest in the labora-
tory) has peaks for three hydrogen lines in the blue (4,340 angstroms), green (4,861 
angstroms), and red (6,563 angstroms). The bottom four spectra are from distant qua-
sars at progressively greater distances and show the hydrogen lines shifted ever greater 
distances toward the right (red) end of the spectrum. Image by M. Corbin.
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and the average mass of K and M dwarf stars is less than 1 Msun. “It ap-
pears therefore,” he wrote, “that, as a matter of statistical averages, the 
masses of the [dwarf] stars depend upon their absolute magnitudes. . . . 
The brighter stars are the more massive.” Barely three years after the 
first H-R diagram appeared in its nearly modern form, Russell had bro-
ken the code for the dwarf stars: the mass of a star determines both its 
luminosity and its surface temperature. More simply put: the location of 
a dwarf star on the H-R diagram is controlled by a single parameter: its 
mass. This was the moment when the H-R diagram became the single 
most important tool for twentieth-century astronomy. It is, in fact, 
the foundation upon which astronomers have measured the age of the 
universe.

With historical hindsight however, our statement about dwarf stars—
“mass determines location on the H-R diagram”—turns out to be only 
about 99 percent correct. Small changes in the elemental composition 
of a star can affect minor changes in its temperature and luminosity. 
But at the most fundamental level, for dwarf stars, the two measurable 
parameters, temperature and luminosity, depend almost entirely on 
mass. By 1924, Arthur Eddington had developed from theoretical prin-
ciples a mass-luminosity relationship that fit the known data for main-
sequence stars. According to this mass-luminosity relationship, the lu-
minosity of a main-sequence star depends on the mass of the star raised 
to the 3.5 power (cubed and then multiplied again by the square root 
of the number). This relationship says that a star with twice the mass 
of the Sun is not twice as luminous as the Sun. Instead, we find that it 
is more than eleven times more luminous than the Sun; and a star with 
ten times the mass of the Sun is about 3,000 times more luminous than 
the Sun.

TABlE 10.1.
Stellar Masses: Russell Breaks the Code

Spectral Type Average Stellar Mass

B 17 Msun

A  5 Msun

F 3.5 Msun

K and M < 1 Msun
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manageable number of stars—a few dozen or a few hundred—and have 
no preferred shape. They would later become known as open clusters. 
(In 1930, Robert Trumpler of Lick Observatory suggested the term ga-
lactic clusters as the complementary term to globular clusters, since 
open clusters were always found in or very near the plane of the Milky 
Way. That term was widely used for most of the twentieth century, but 
now that such clusters can be observed in other galaxies, “open cluster” 
has again become the preferred name.)

Figure 11.1. The open cluster NGC 265, located in the Small Magellanic Cloud. 
Image courtesy of E. Olszewski, University of Arizona, the European Space Agency 
and NASA.
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Held Together by Gravity

What is the nature of these star clusters? In 1767, Reverend John Mi-
chell of Yorkshire, who was also a geologist and amateur astronomer, 
calculated that the probability of a chance alignment of stars as close 
together as those in the Pleiades was only one in 496,000. The exis-
tence of such clusters or, as he put it, fluctuations in the spatial density 
of stars in the heavens, results from either “the original act of the Cre-
ator or in consequence of some general law (such perhaps as gravity).” 

Figure 11.2. The globular cluster M80, located in the Milky Way. Image courtesy of 
the Hubble Heritage team (AURA/STScI/NASA).
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izontal motions of a star across the sky), the Preliminary General Cata-
logue of 6188 Stars for the Epoch 1900. Boss had available to him not 
only the most accurate proper motion data ever assembled, but also, 
from Doppler shifts obtained from stellar spectra, the first few measure-
ments of the radial velocities (the component of a star’s velocity 
directly toward or away from the Sun) of three stars in the Hyades 
Cluster. In 1908 Boss produced a definitive analysis of the three- 
dimensional motion of these three stars, demonstrating that they have 
a common radial velocity of 39.9 kilometers per second, a common 
space velocity (the three-dimensional motion of the stars) of 45.6 kilo-
meters per second, and a clear convergent point that places the cluster 
at a distance from the Sun of about 38 to 40 parsecs. (This estimate 
was correct to within about 20 percent; the modern measurement for 
the distance is about 46 parsecs). The Hyades Cluster stars themselves 
occupy a volume of space only about 8 to 10 parsecs across and 8 to 10 

Figure 11.3. The scattered group of stars in the central part of the image is the open 
star cluster called the Hyades in the constellation of Taurus. The Hyades can be seen 
easily by the naked eye as a “V” shape in the sky. The brightest star, Aldeberan, 
which represents the red eye of Taurus the bull, does not physically belong to the 
cluster. Image courtesy of Till Credner, AlltheSky.com. 
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Figure 11.4. The directional (proper) motions of the stars in the Hyades Cluster, 
depicted with arrows indicating the direction in which each star is moving. The stars 
appear all to be moving toward a single “convergent” point, located to the left of the 
left edge of the graph. From H.G. van Bueren, Bulletin of the Astronomical Institutes of 
the Netherlands 11 (May 1952): 385.
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that without parallax measurements, we have only spectral types and 
apparent magnitudes, and we had decided that in order to make an 
H-R diagram we needed spectral types and absolute magnitudes. We 
also know, however, that the distance to each of the stars in a single 
cluster is about the same. For the Hyades, all the stars are at a distance 
of about 46 parsecs (some are 10 percent closer [41 pc] and some are 10 
percent more distant [51 pc]. In the case of a more distant cluster like 
M46, all the stars are within a few parsecs of 1,660 parsecs, so they are 
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Figure 11.5. H-R diagram for the Hyades Cluster, plotting the absolute magnitude 
in the V (visual) band versus the B-V color. (Versions of H-R diagrams that use 
B-V color instead of spectral type are known as color-magnitude diagrams. Color-
magnitude diagrams plot actual observed quantities while H-R diagrams plot quanti-
ties [temperatures] calculated from the observed colors or spectra for the stars.) The 
diagram shows the main sequence for the Hyades, along with some red giants (top 
right) and white dwarfs (bottom left). From Perryman et al., Astronomy & Astrophys-
ics (1998) 331, 90. Reproduced with permission © ESO.
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between gravity pulling inwards and thermal pressure pushing out-
wards, and it is the conflict between these two physical processes that 
determines the life stories of stars, from birth to death.

Some interstellar clouds are hot and have little mass. In these clouds, 
expansion wins and stars do not form. If, however, in a sufficiently 
small volume of space, the mass of the cloud is large enough and the 
temperatures low enough, gravity wins and stars begin to form. In the 
latter case, a fragment of the cloud begins to collapse, getting smaller 
and smaller and smaller. Since the cloud is a gas, and since gases heat 

Figure 12.1. Thackeray’s globules are dense, opaque clouds of gas and dust in which 
stars may be forming. These globules are seen silhouetted against nearby, bright, 
newborn stars in the star-forming region known as IC 2944. Image courtesy of Bo 
Reipurth (University of Hawaii), NASA, and the Hubble Heritage team (STScI/
AURA).
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has the advantage. When the inside cools, the protostar shrinks a little, 
heats up a little, again cools off a little, and again shrinks a little. With 
each infinitesimal change, both the core and the surface of the star get 
hotter. Thermal pressure refuses to yield. Yet, the forming star is simply 
not able to generate enough heat fast enough to hold off gravity. Grav-
ity will continue, inexorably, to squeeze the cloud smaller and smaller 
unless the collapsing cloud can find a heat source that can generate 
energy as quickly as the cloud radiates it into space. 

Figure 12.2. Star birth clouds in M16. The stars are embedded inside finger-like 
protrusions extending from the top of the nebula. Each “fingertip” is somewhat larger 
than our solar system. Image courtesy of NASA, ESA, STScI, and J. Hester and 
P. Scowen (Arizona State University).
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age of the universe. This means that every low-mass star ever born in 
the universe is still a main-sequence star. Since none of these small 
stars have died yet and since most stars are small, the universe should 
have relatively few white dwarfs. This conclusion matches astrono-
mers’ observations.

Red Subgiants

In stars with masses greater than about half the mass of the Sun, the 
steady production of 4He eventually exhausts the supply of hydrogen in 
their small cores that can be converted to helium. What is more, hot 
plasma from the core of such a star is not able to convect upwards and 
mix with plasma from the outer layers of the star. As a result, only hy-
drogen in the core (which contains about 10 percent of the mass of the 
star and is about ten percent the diameter of the star) is available for 

inert hydrogen
envelope

hydrogen to helium
fusion core

Figure 13.1. The internal structure of a 
star when it is on the main sequence. In 
the core, hydrogen fuses to helium. An 
inert hydrogen envelope surrounds the 
core. The diameter of the core is about 10 
percent of the diameter of the star.

expanding, inert
hydrogen envelope

shrinking, inert
helium core

Figure 13.2. The internal structure of a star when it leaves the 
main sequence. In the core, the hydrogen fuel is exhausted and 
the helium is too cool for fusion. The cooling core contracts, 
which has the effect of heating the surrounding hydrogen enve-
lope, causing the outer layers of the star to expand. The star is 
now a subgiant.
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fusion. When the core runs out of hydrogen, gravity once again gains 
the upper hand and the star again begins to contract. The contracting 
star now consists of two principal parts, a shrinking and inert (no ac-
tive fusion reactions) helium core and an inert hydrogen envelope. 
What happens next is one of the most counterintuitive phenomena in 
stellar astrophysics. The core of the star gets smaller and, as a result, 
the star as a whole expands.

As gravity crushes the core into a smaller and smaller volume, the 
temperature of the compressed core begins to rise, from ten to 15 to 20 
to 25 million K. While the helium core temperature rises due to gravi-
tational compression, the temperature at the bottom of the hydrogen 
envelope also must rise because it is heated from below by the rising 
temperature of the shrinking core. This gradual and quite significant 
rise in internal temperature forces a parallel rise in internal pressure. 
As a result, while the very innermost part of the star is squeezed, com-
pressed, and heated by gravity, the outer parts of the star, pushed fur-
ther outwards by the rising internal heat and pressure, become more 
rarefied. 

As a result of its expanding outer layers, the star now has a larger 
surface area than before. And by virtue of this larger surface area, it can 

Figure 13.3. The internal structure of a star when it climbs the red giant branch. The 
helium core continues to contract. Surrounding that core, a shell of hydrogen be-
comes hot enough to fuse into helium. The release of heat from the fusion reactions 
further heats the outer hydrogen envelope, causing it to expand even more. The star 
is now a red giant.

expanding, inert
hydrogen envelope

shrinking, inert helium core

hydrogen to helium fusion shell
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trons, any temperature differences in the core are almost instantly 
smoothed out and these stellar cores quickly become nearly isothermal 
(having the same temperature throughout).

A Carbon/Oxygen Core

When the temperature of the core reaches an incredible 100 million K, 
helium nuclei are moving fast enough to collide with each other. When 
the density of the core surpasses 104 grams (10 kilograms) per cubic 
centimeter, the helium nuclei can no longer avoid collisions. The nu-
clear fusion of helium nuclei into carbon nuclei begins. 

The fusion process occurs in two steps. First two 4He nuclei collide; 
they stick together and form a beryllium-eight (8Be) nucleus. Some 
mass is converted to energy and this energy is released as a gamma ray. 
The 8Be nucleus, which contains four protons and four neutrons, is 
very unstable, (9Be, which is formed during the rapid collisions of par-
ticles during supernova explosions, has four protons and five neutrons 
and is stable, but normal stars make 8Be, not 9Be), and it quickly falls 
apart again (the half-life of 8Be is about a billionth of a billionth of a 
second) into two 4He nuclei. At temperatures of 100 million K and 
above, however, the rate at which 8Be can form is comparable to the 
rate at which it falls apart, so some 8Be nuclei survive long enough to 
participate in the next step in this fusion process, in which a third 4He 
nucleus collides with a 8Be particle to form a carbon-twelve (12C) nu-

Figure 13.4. The internal structure of a star in which the core has 
become hot enough for the helium to fuse into carbon and 
oxygen. The star is now a horizontal branch star.

inert hydrogen envelope

helium to carbon and
oxygen fusion core

hydrogen to helium fusion shell
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cleus, containing six protons and six neutrons. Because, for historical 
reasons, the helium nucleus is referred to by physicists as an alpha par-
ticle, and because this process ultimately turns three alpha particles 
into a single carbon nucleus, it is known as the triple-alpha process. 
Along with the triple-alpha fusion process, intermediate-mass stars 
turn a little bit more mass into energy by producing a small amount of 
oxygen through a reaction in which a 4He nucleus collides and com-
bines with a 12C nucleus to create an oxygen-sixteen (16O) nucleus. 
Slowly but surely, the cores of these stars fill with helium, carbon, and 
oxygen, with some of the carbon and oxygen mixing upwards into the 
outer layers of the star.

When these stars die as planetary nebulae, an event we will discuss 
later in this chapter, much of the carbon and oxygen they generate in 
these reactions will be expelled into space. The exposed carbon/oxy-
gen core will be left behind and will become a white dwarf, while the 
expelled atoms will become parts of molecules and dust grains that will 
collect into interstellar clouds and then form into the next generation 
of stars and planets. In this way, each generation of red giants enriches 
the galaxy with greater amounts of elements that are heavier than hy-
drogen and helium. Ultimately, all of the carbon atoms on earth, 
whether in coal, graphite, diamonds, organic molecules, or carbon di-
oxide, were manufactured in the cores of red giant stars. And so was all 
the oxygen that we breathe.

When the triple-alpha process commences, energy is released in the 
core. Normally, a release of energy would increase the temperature of 
the gas and the higher temperature would increase the pressure, which 

energy+

4He

4He

8Be

4He
12C

Figure 13.5. The triple-alpha 
process for nuclear fusion. Three 
helium nuclei combine, through a 
series of collisions, to form a single 
carbon nucleus and release energy 
as gamma rays.
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would cause the core to expand. However, because the core is electron 
degenerate, the pressure is controlled by the degenerate electrons, not 
by the temperature. As a result, the release of energy from a few triple-
alpha process reactions raises the temperature, but the core does not 
expand. As the core temperature rises, more fusion reactions occur 
more quickly and the core becomes hotter still. 

Finally, as a result of the climbing temperature, new energy states 
become available to the electrons and the electrons are able to occupy 
these newly available non-degenerate states. In our analogy, many 
more chairs have been added to the musical chairs game. All players 
now have seats, and there are some empty ones left over. The condi-
tion of degeneracy has been removed. Suddenly, the core can behave 
like a normal gas, with thermal pressure balancing gravity. On the H-R 
diagram, the onset of the triple-alpha process occurs at the highest 
point on the red-giant branch. After core fusion of helium into carbon 
begins, these stars contract a little bit and settle down to much lower 
luminosities though with slightly higher temperatures. On the H-R 
diagram, they land on the horizontal branch, which is located above 
the main sequence and to the left of (hotter than) and below (less lu-
minous than) the region of red giants. The star begins a slow, steady 

Figure 13.6. The internal structure of a red supergiant star. At the center, an inert 
core of carbon and oxygen is being deposited as the residue of the fusion of He. This 
core will be left behind as a white dwarf, after the star expels its outer layers in the 
planetary nebula phase.

inert hydrogen envelope

inert carbon/oxygen core

hydrogen to helium fusion shell

helium to carbon fusion shell
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were born; a star that begins its main-sequence lifetime with a mass 
five times greater than that of the Sun likely will loft more than four 
solar masses into space and end up with a mass only about one-half to 
three-fifths that of the Sun. In fact, virtually every star in the mass 
range from one half to about nine solar masses will end up shedding all 
but about half a solar mass during this phase. 

While these dying stars are actively expelling their outer layers into 
space, they are called planetary nebulae. (The name comes from the fact 
that in the telescopes available to astronomers 200 years ago, these 
objects appeared big and circular, looking very much like fuzzy planets 
and very unlike stars.) At temperatures of up to 150,000 K, the left-
behind cores are white hot and emit far more ultraviolet than visible 

Figure 13.7. Hubble Space Telescope image of the Cat’s Eye Planetary Nebula. Image 
courtesy of NASA, ESA, HEIC, and the Hubble Heritage team (STScI/AURA).
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light. The ultraviolet light heats up the escaping planetary nebula gases 
and causes the nebulae to glow.

White Dwarfs

As we have seen, white dwarfs are stellar remnants, the abandoned 
cores of red giants. They are bizarre objects, extremely remote from 
anything we experience in everyday life. On the H-R diagram, they 
appear at the far left, because of their high temperatures, and far below 
the main sequence, because of their small surface areas (with about 

Figure 13.8. Hubble Space Telescope image of the Hourglass Planetary Nebula. Image 
courtesy of Raghvendra Sahai and John Trauger (JPL), the WFPC2 science team, and 
NASA.
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determine the exact composition of a white dwarf core. Given any 
single white dwarf for which we knew the composition of the atmo-
sphere and core, we could calculate to a high level of accuracy the 
cooling rate of that white dwarf, for we know that it will cool off 
very slowly and very dependably, like clockwork. But for a real white 
dwarf, one whose temperature, luminosity, diameter, and composition 
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Figure 13.9. Cooling curves for white dwarfs on a color-magnitude diagram. This plot 
shows only the white dwarf section of the diagram. The lines show the cooling curves 
for white dwarfs with masses ranging from 0.6 solar masses (top curve) to 1.2 solar 
masses (bottom curve). White dwarfs with different radii (i.e., masses) can have the 
same temperature (i.e., V-I color) and thus will have different luminosities. Note 
that, counterintuitively, more massive white dwarfs are smaller and therefore less 
luminous than less massive white dwarfs. Any single white dwarf has a fixed mass and 
will slide down a cooling curve as it ages, becoming fainter (larger in absolute magnitude) 
and cooler (with less negative V-I color). Any single star cluster of a given age (see 
symbols) would have white dwarfs representing a range of masses. From Jeffrey et al., 
The Astrophysical Journal (2007): 658, 391. 
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Figure 13.10. This plot shows the number of known white dwarfs per volume segment 
of the galaxy at different brightnesses ( y-axis) plotted as a function of their bright-
ness ( x-axis) observed as part of the Sloan Digital Sky Survey. The dashed and dot-
ted lines indicate white-dwarf measurements from other observing projects. Bright-
ness is measured in units of bolometric magnitude (or Mbol), which indicates the total 
amount of energy emitted by the white dwarf at all wavelengths, from X-rays to radio 
waves. The faintest stars are to the right, the brightest to the left. The number of 
white dwarfs is measured as stars per cubic parsec at each bolometric magnitude. On 
the plot, the numbers indicate the total number of white dwarfs observed that con-
tribute to each data point. For example, these data indicate that 586 white dwarfs are 
known with Mbol = 10. The volume of the galaxy surveyed by the SDSS to find these 
white dwarfs indicates the presence of about one white dwarf of this brightness in 
every 10,000 cubic parsecs (equivalent to a cube just a bit larger than 20 parsecs 
along each edge). The brightest white dwarfs (small Mbol) are rare, less than one in 
every 100,000 cubic parsecs (a cube with edges of about 50 parsecs in length). Up to a 
limit (Mbol = 15.5), the number of white dwarfs per unit volume of the galaxy increas-
es as the white dwarfs get fainter. The observations, however, show the dearth of very 
faint white dwarfs: only four white dwarfs are known with bolometric magnitudes 
larger than 15.5, and the number of such white dwarfs per unit volume of the galaxy 
drops precipitously. From Harris et al., The Astrophysical Journal (2006): 131, 571.
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Figure 13.11. A plot of the colors of stars (x-axis) vs. the brightness of stars ( y-axis) 
in the globular cluster M4, in data obtained from the Hubble Space Telescope. This 
plot is a color-magnitude diagram. The upper dark line, extending from the top-
middle of the graph downwards and to the right, is the main sequence; the lower 
dark line, extending downwards from almost the left edge and at F814 = 23.5, is the 
white-dwarf cooling curve. In between, most of the scattered points mark out a 
main sequence of background stars unrelated to M4. The lower (faintest) limit to 
the white dwarfs seen at about magnitude 27.5 indicates the location on the plot of 
the coolest and oldest white dwarfs in this cluster. Their ages are calculated to be 
between 10 and 12 billion years. The x-axis is plotted in units labeled “F606–
F814.” These are color filters used in Hubble Space Telescope observations that 
correspond, approximately, to green (F606) and red (F814). From Hansen et al., 
The Astrophysical Journal Supplement (2004): 155, 551.
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The Age of the Universe from Observations 
of White Dwarfs

The temperatures, luminosities, and cooling rates for white dwarfs give 
us, directly, the ages of these white dwarfs. To those ages, we can confi-
dently add a few hundred million years to account for the main- 
sequence lifetimes of the stars that lived and died and left the dwarfs 
behind. Sum the figures and we can confidently say that stars were 
born in the Milky Way more than 11 billion years ago and possibly as 
much as 13 billion years ago. We can also say, with confidence, that if 
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Figure 13.12. A plot of the colors of stars ( x-axis) vs. the brightness of stars ( y-axis) 
in data obtained from the Hubble Space Telescope for the globular cluster NGC 
6397. The ages of the oldest, faintest white dwarfs in NGC 6397 are calculated to be 
about 11.5 billion years. From Hansen et al., The Astrophysical Journal (2007): 671, 
380.
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their fuel supplies for nuclear fusion reactions, move off the main se-
quence, and die long before their lower-mass siblings. Thus, the age of 
a star is not equivalent to how far along that star is in its life cycle. A single 
cluster might contain stars at every conceivable life cycle stage—many 
dwarfs still on the main sequence, a few subgiants, a handful of red su-
pergiants, a small number of white dwarfs—even though all the stars in 
that cluster are the same age. After 4 billion years, for example, our 
Sun and all stars with masses smaller than one solar mass will still be 
on the main sequence while most higher-mass stars will have moved 
off of the main sequence and become white dwarfs, neutron stars, or 
black holes.

Astrophysicists can use knowledge of how nuclear fusion works in 
stars of different masses to determine the surface temperature and lu-
minosity of a star of a given mass at any age. The process works like 
this: pick a star of a given mass, for example one like the Sun; calculate 
the surface temperature and luminosity for this star when it is 10 mil-
lion years old; mark this location on an H-R diagram. The calculations 
are done using the equations that describe the fundamental physical 
principles governing gravity, pressure, temperature, the process of nu-

Figure 14.1. Left, a single point marks the temperature and absolute magnitude for a 
newborn star. Right, the progression of points reveals the changing surface 
temperature and absolute luminosity of this star as it ages. First it leaves the main 
sequence and climbs up the H-R diagram as a subgiant and then a red giant; then it 
drops down onto the horizontal branch and climbs back up to become a giant again; 
finally it puffs off its envelope as a planetary nebula and leaves behind a bare white 
dwarf that cools off and fades away.
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Figure 14.2. Sequence of cartoon snapshots of a star cluster at different ages. Initially 
(top left), stars of all masses are on the main sequence. After 20 million years (top 
right), the most massive star has exhausted the hydrogen in its core and has become a 
subgiant. The most luminous, most massive star still on the main sequence marks the 
turn-off point and age-dates the star cluster. In the lower panels, less massive stars 
begin to die and leave the main sequence, while the more massive stars progress to 
become red giants, planetary nebulae, and, finally, white dwarfs. In any single panel, a 
line connecting all the dots is called an isochrone.
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one-million-year isochrone, since after only two million years all of the 
stars in this cluster would still be on the main sequence. We could con-
tinue this procedure to watch how the entire cluster ages.

At an age of only a few million years, we would notice something 
happening to the hottest, most luminous, most massive stars: they 
would have moved off the main sequence and become red giants. An 
isochrone at one hundred million years would begin at the bottom of 
the main sequence, extend upwards through most of the main se-
quence, and then turn off toward the red giants. The most massive 
stars would by now be red supergiants; the slightly less massive stars 
would be on the subgiant branch; even less massive stars would still be 
climbing the red giant branch; and the least massive stars would still be 
on the main sequence. At 600 million years, even more stars would 
have migrated off the main sequence. Over the vast eons of time, we 
would watch the main sequence shrink, from the top left toward the 
bottom right.

The Turn-off Point

The particular location on the main sequence at which stars turn off 
the main sequence toward the giant branch is known as the turn-off 
point. The turn-off point determines the age of the cluster. All we need 
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(Chapter Twenty-four), the oldest stars in the galaxy, formed when the 
giant interstellar clouds contained almost no atoms other than those of 
hydrogen and helium, should be made almost exclusively of hydrogen 
(~75 percent) and helium (~25 percent), with only very minor amounts 
of metals. The exact proportion of hydrogen to helium and the exact 
amount (e.g., 0.0001 percent, 0.001 percent, 0.01 percent or 0.1 per-
cent) of metals found in the chemical composition of a star can make a 
difference of up to several hundreds of millions of years in calculating 
the age of a globular cluster from an observed turn-off point. Since all 
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Figure 14.3. Left, image of globular cluster 47 Tuc. Right, H-R diagram (actually a 
color-magnitude diagram, where color is a proxy for temperature) of the stars in 47 
Tuc, showing the main sequence, the turn-off point, the red giant branch, and the 
horizontal branch. The three isochrones delineate ages of 12 billion years (highest 
line, near MV = 4), 13 billion years (middle line), and 14 billion years (lowest line). 
An age of about 12 billion years is the best fit. Atlas Image courtesy of 2MASS/
UMass/IPAC-Caltech/NASA/NSF (left). From Grundahl et al., Astronomy & 
Astrophysics (2002): 395, 481 (right), reproduced with permission © ESO.
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Figure 14.4. Top left, color-magnitude diagram for NGC 6397, with isochrones of 13 
(topmost), 14 (middle), and 15 (bottom) billion years overlaid. Top right, Globular 
Cluster NGC 6397. Bottom left, color-magnitude diagram for NGC 5904, with 
isochrones of 13 (topmost), 14 (middle), and 15 (bottom) billion years overlaid. 
Bottom right, Globular Cluster NGC 6904. From Imbriani et al. Astronomy & Astro-
physics (2004): 420, 625 (top left), reproduced with permission © ESO. Image courte-
sy of D. Verschatse (Antilhue Observatory, Chile) and ESA/Hubble (top right). From 
Imbriani et al., Astronomy & Astrophysics, (2004): 420, 625 (bottom left), reproduced 
with permission © ESO. Atlas Image courtesy of 2MASS/UMass/IPAC-Caltech/
NASA/NSF (bottom right).
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variable stars, these being stars whose output of light varies as a func-
tion of time. She quickly became an expert in this task. After three 
years of unpaid labor, she delivered a summary report of her findings to 
Pickering and departed Cambridge, spending the next two years trav-
eling in Europe and then four more years in Wisconsin as an art in-
structor at Beloit College. Finally, in the summer of 1902, she con-
tacted Pickering and asked permission to return to identifying variable 
stars. Clearly pleased with her earlier work, Pickering immediately of-
fered her a full-time, paid position with a wage of thirty cents per hour, 
a significant five cents above the standard rate. This decision was one 
of the wisest Pickering would ever make. By Labor Day, Leavitt was 
again at work in Cambridge, on her way to making one of the most 
important discoveries in twentieth-century astronomy, one that laid 
the groundwork for another method for measuring the age of the uni-
verse, and for the eventual discovery of the expanding universe.

Variable Stars

By 1893, astronomers were already aware that there existed many dif-
ferent kinds of variable stars, though the total number of such stars 
that were known to them was small. Tycho Brahe discovered the first 

Figure 15.1. Henrietta Swan Leavitt. Image courtesy of AIP 
Emilio Segre Visual Archives.
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variable star when in 1572 he noticed an object he identified as a new 
star, because previously there had been no star at that location in the 
sky. This stella nova—we now call the object “Tycho’s Supernova”—
faded and changed color until, after barely one year, it disappeared 
from sight altogether. Twenty-four years later, David Fabricius discov-
ered the first periodic variable star, Mira. Mira fades and brightens at a 
regular and smooth rate, with a period of variability—the length of 
time needed for the star to fade from maximum brightness to mini-
mum brightness and then to increase again to maximum brightness—
of 332 days.

By 1836, 250 years after Tycho identified the first variable star, as-
tronomers had discovered a total of only twenty-six variable stars of 
any type. The advent of astronomical photography, however, increased 
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Figure 15.2. A light curve for the variable star Mira, with data from January 1, 1990 
through December 31, 2000. The vertical axis numbers measure magnitudes, from 
one (brightest) to ten (faintest). Mira is known as a long-period variable star, because 
its light output increases from a minimum brightness of magnitude nine to ten to a 
maximum brightness of magnitude of two to three and then returns to magnitude 
nine to ten very regularly over a period of 332 days. Data courtesy of the AAVSO.
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Figure 15.3. Light curve (time on the horizontal axis, difference in magnitude on the 
vertical axis) for Delta Cephei, as measured at six different colors, from the near 
ultraviolet (U) to the infrared (I). In visible light (V band), Delta Cephei changes by 
about 0.9 magnitudes from minimum to maximum (a factor of 2.3 in brightness) over 
a period of 5.366 days (1.0 units of Phase equals 5.366 days). Unlike the smooth 
pattern of stars like Mira, Cepheids have a very distinct pattern in their light curves 
that makes them easy to identify. Notice how Delta Cephei brightens from minimum 
(Phase = 0.8) to maximum (Phase 0.0) in just over one day but requires an additional 
four days to again fade to minimum brightness. From Stebbins, The Astrophysical 
Journal, (1945): 101, 47. Reproduced by permission of the AAS.
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pick up speed and begin to fade much more quickly again. Despite the 
quirky nature of this pattern, it is dependable and repeatable. It is the 
signature, the fingerprints, of a Cepheid with a period of a few days. 
Cepheids with longer periods also follow characteristic patterns in 
how they brighten and fade, and these patterns change as the period 
changes.

Observations from Peru

In 1879, Uriah Boyden, a Boston engineer with no apparent interests 
in astronomy, left an eccentric bequest: nearly a quarter of a million 
dollars to any astronomical institution that would build a telescope at 
a high enough elevation to make more accurate observations than were 
possible when peering through the Earth’s thick lower atmosphere. Ed-

Cepheid Variable in M100
HST · WFPC2

Figure 15.4. The three upper panels show Hubble Space Telescope close-ups of a 
region in the galaxy M100 in which a Cepheid variable star gets successively brighter 
(from left to right). Image courtesy of Dr. Wendy L. Freedman, Observatories of the 
Carnegie Institution of Washington, and NASA.
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ward Pickering won the Boyden funds for Harvard in 1887 and, in 
1891, used them to establish an observatory at an elevation of 8,000 
feet at Arequipa, Peru. Within two years, staff astronomers at Arequipa 
were obtaining photographic plates of the southern skies and shipping 
them to Boston. Solon Bailey, the director of the observatory, began a 
long-term study of one of the greatest globular clusters, Omega Cen-
tauri, and by 1901 had discovered 132 variable stars in Omega Cen-
tauri. 

Among the many objects regularly photographed at Arequipa were 
two groups of stars visible only from southern latitudes. They were first 
described by Antonio Pigafetta, a navigator and diarist who sailed with 
Ferdinand Magellan on his 1519 round-the-world voyage to the Indies, 
as Nubecula (Nebula) Minor and Nubecula Major and are known 
today as the Small Magellanic Cloud and the Large Magellanic Cloud, 
both of which are satellite galaxies of our own Milky Way (although in 
1900 neither was known as a galaxy).

Early in 1904, Leavitt discovered several variable stars in a set of 
photographic plates of the Small Magellanic Cloud. Later that year, 
she found dozens more in both the Small and the Large Magellanic 
Clouds. Her discovery rate rose to hundreds per year and eventually 
she would identify 2,400 such stars. In 1908, Leavitt published, under 
her own name, “1777 Variables in the Magellanic Clouds” in the An-
nals of Harvard College Observatory. For all of these stars, she was able 
to determine “the brightest and faintest magnitudes as yet observed,” 
but for sixteen, which she identified in Table VI of her paper, she also 
was able to determine their periods of variability. “The majority of the 

Figure 15.5. Photograph of the 
Large (left) and Small (right) 
Magellanic Clouds. Image courtesy 
of William Keel, University of 
Alabama at Tuscaloosa.
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light curves [for these variables] have a striking resemblance, in form, 
to those of cluster variables,” Leavitt wrote. That is, they were Cephe-
ids, although they were not yet identified by that name. As for these 
sixteen stars, she continued, “It is worthy of notice that in Table VI the 
brighter stars have the longer periods.” With historical hindsight, we 
can recognize this as one of the most understated and important sen-
tences in all of astronomical literature.

The Period-luminosity Diagram

Four years later, Leavitt would conclude her work on the variable stars 
in the Small Magellanic Cloud with a brief, three-page paper, “Periods 
of 25 Variable Stars in the Small Magellanic Cloud,” published as a 
Harvard College Observatory Circular under the name of Edward Picker-
ing—though Pickering’s first sentence acknowledges that “the follow-
ing statement has been prepared by Miss Leavitt.” Leavitt focused her 
attention on the sixteen variable stars specifically identified in 1908, 
along with nine newly identified ones, all of which “resemble the vari-
ables found in globular clusters, diminishing slowly in brightness, re-
maining near minimum for the greater part of the time, and increasing 
very rapidly to a brief maximum.” These are the Cepheids, and those 
identified by Leavitt had periods that ranged from 1.25 days to 127 

Figure 15.6. Henrietta Leavitt was able to publish her 1908 paper in the Annals of 
Harvard College Observatory under her own name. Her follow-up paper would be 
published in 1912 under the sole authorship of Edward Pickering. From Leavitt, 
Annals of Harvard College Observatory (1908): 60, 87.
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days. She then notes, with characteristic restraint, “A remarkable rela-
tion between the brightness of these variables and the length of their 
periods will be noticed . . . the brighter variables have the longer peri-
ods.” That is, brighter stars blink slowly, fainter stars more rapidly. The 
graphed version of this relationship is known to astronomers as the 
period-luminosity diagram. Leavitt’s keen insight, which is what makes 
this discovery so important. comes next: “Since the variable stars are 
probably at nearly the same distance from the Earth, their periods are 
apparently associated with their actual emission of light.”

In 1912 astronomers did not know the distance to the Small Magel-
lanic Cloud; however, since it was sort of an agglomeration of stars, it 

Figure 15.7. Table VI from Leavitt’s 1908 paper, which shows the first evidence for 
the period-luminosity relationship, contains the key information that enabled 
astronomers to discover the nature of the spiral nebulae and then to step out into the 
distant universe and, ultimately, to discover the expanding universe and calculate its 
age. Of the sixteen stars listed according to their Harvard number (column 1), those 
with the shortest periods (column 6) are the faintest (the largest maximum and 
minimum magnitudes; columns 2 and 3), while those with the longest periods are 
brightest (the smallest maximum and minimum magnitudes). Star 821, for example, 
has a very long period (127 days) and is very bright (maximum brightness of 
magnitude 11.2), while star 1505 has a very short period (1.25336 days) and is much 
fainter (maximum brightness of magnitude 14.8). From Leavitt, Annals of Harvard 
College Observatory (1908): 60, 87.
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was clear that, as in any other cluster, the distances between the vari-
able stars must be negligible compared to the distance to the Small 
Magellanic Cloud itself. As a result, even though Leavitt had no idea 
what the intrinsic luminosities were for her twenty-five stars, she could 
make direct comparisons of their apparent luminosities and say, with 
absolute certainty, that the differences in the apparent magnitudes of 
these stars were identical to the differences in their absolute magni-
tudes. The brighter stars were truly brighter, the fainter stars truly 
fainter. She could say, again with absolute certainty, that the period of 
time over which a given cluster variable (Cepheid) star varied from 
maximum to minimum and back again to maximum light output deter-
mined the absolute magnitude of that star.

What does Leavitt’s discovery mean? If we can measure the period of 
variability for any single Cepheid variable star, we instantly know the 
absolute magnitude of that star. Since we can directly measure the 
apparent magnitude of the Cepheid, the combination of the period 

Figure 15.8. Henrietta Leavitt’s plots of the periods of “cluster variables” in the Small 
Magellanic Cloud ( x-axis) versus the brightnesses of those stars ( y-axis). Each plot 
shows two lines, the top line indicating the maximum brightness (minimum apparent 
magnitude) of the stars and the bottom line the minimum brightness (largest 
apparent magnitude) of the stars. The left plot marks the period of variability for 
these stars in days, from 0 to 140 days ( x-axis); the right plot marks the period using 
the logarithm of the number of days ( x-axis). These plots reveal the simple 
relationship between the magnitude and period of Cepheid variable stars that has 
become known as the period-luminosity relationship. From Pickering, Harvard College 
Circular (1912): 173.
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only a factor of about 10—for the brightnesses of Leavitt’s Cepheids 
and derived a distance to the Small Magellanic Cloud of 19 kilopar-
secs (60,000 light-years; p = 0.000053 seconds of arc). Three more de-
cades would pass before astronomers would be able to calibrate the 
brightnesses of Leavitt’s Cepheids correctly to within a few percent, 
but Shapley’s imperfect results nonetheless represented significant pro-
gress toward an accurate measurement of the distances to the Magel-
lanic Clouds.

Over the next thirty years, many astronomers confirmed Shapley’s 
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Figure 15.9. Harlow Shapley’s 1918 “luminosity-period curve of Cepheid variation.” 
This plot shows the logarithm of the period (negative numbers are periods less than 
one day; 0.0 is a period of 1 day; +1.0 is a period of 10 days; +2.0 would be a period of 
100 days) along the x-axis and the (median) absolute magnitude for each star on the 
y-axis (0 is faintest; –7 is brightest). The Cepheids with the longest periods are 
brightest, those with the shortest periods are faintest. From Shapley, The Astrophysical 
Journal (1918): 48, 89.
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work and, as it turned out, all of them were wrong. Only in the 1950s 
(Chapter Twenty) did astronomers discover that the stars on the peri-
od-luminosity diagram, as calibrated by Shapley and many others in 
the 1920s, 30s, and 40s, included two different types of Cepheid vari-
able stars, now known as Type I (brighter) and Type II (fainter) Cep-
heid variables, and that the short-period cluster variable stars (first 
identified by Bailey and Leland) are not Cepheids (they are now known 
as RR Lyrae variables). The Cepheids found by Leavitt in the Small 
Magellanic Cloud are Type I Cepheids; the nearby Cepheids used by 
Shapley for his calibration work are Type IIs. The two types have in-
trinsic brightnesses that differ by a factor of four (1.5 magnitudes) and 
therefore describe two different lines, not a single line, on a period- 
luminosity diagram. By using the fainter Type II Cepheids to calibrate 
(incorrectly) the brightnesses of the brighter Type I Cepheids, Shapley 
mixed apples with oranges. He underestimated the absolute luminosi-
ties of Leavitt’s Type I Cepheids by about a factor of four and therefore 
underestimated their distances by a bit more than a factor of two. 
When, in the 1950s, astronomers were able to determine correct in-
trinsic brightnesses for the Cepheids in the Small Magellanic Cloud, 
the measured distance to the Small Magellanic Cloud more than 
doubled.

Because it is so important to their work, astronomers continue to try 
to improve the accuracy with which they calibrate the period-luminosity 
relationship. One century after Leavitt discovered it and Hertzsprung 

Figure 15.10. A modern 
period-luminosity diagram 
showing the two types of 
Cepheids. Type I Cepheids 
are about four times brighter 
than Type II Cepheids having 
the same period.
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Figure 16.1. Top, sketch of the Whirlpool Galaxy (M51) made by Lord Rosse in 
1845. Bottom, Hubble Space Telescope image of M51. Image courtesy of NASA, 
ESA, S. Beckwith (STScI), and the Hubble Heritage team (STScI/AURA).
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each of the seven globular clusters for which he was able to apply the 
period-luminosity relationship. In doing so, he found a remarkable 
consistency between the distances derived from the period-luminosity 
diagram and the distances derived from the other two measurements. 
This consistency demonstrated that each of the three methods could 
independently be used to determine the distance to a globular cluster, 
yet only one of the three depended on identifying Cepheids in any 
single globular cluster. He therefore could use the two new techniques 
to measure distances to globular clusters without Cepheids, of which 
there were many.
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Figure 16.2. Shapley’s parallax-diameter correlation for globular clusters. Globular 
clusters that subtend smaller angular sizes in the sky (higher on graph) have smaller 
parallaxes (left on graph) and therefore lie at greater distances than the globular 
clusters with larger angular sizes. From Shapley, The Astrophysical Journal (1918): 48, 
154.
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fore appeared clearly to affirm that the Magellanic Clouds and the spi-
ral nebulae like Andromeda must be parts of the Milky Way. 

Score: Island Universes = 1, local Star-forming Cloud = 4.

Spinning Spirals Must Be Nearby

The Dutch-American astronomer Adrian van Maanen, also working 
at Mount Wilson Observatory, put the nail in the coffin of the island 
universe theory. Or so it seemed. His observations revealed the appar-
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Figure 16.3. Shapley’s map of the positions of the known globular clusters. The 
vertical axis marks distance above the midplane of the Milky Way, while the 
horizontal axis marks the distance from the Sun. All units are in increments of 100 
parsecs, so that one square (100 units) equals a distance of 10,000 parsecs. The Sun is 
at the position x = 0 and y = 0. Shapley’s map shows that all but five of the globular 
clusters are on one side of the sky, placing the Sun near the edge of this distribution. 
The clusters are also distributed equally above and below the galactic midplane. From 
Shapley, The Astrophysical Journal (1918): 48, 154.
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Figure 16.4. Van Maanen’s measurements showing the apparent rotation of stars in 
M101. The arrows indicate the direction and magnitude of the (incorrectly) mea-
sured annual motions. From van Maanen, The Astrophysical Journal (1916): 44, 210.
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tory, studying spiral nebulae. It was his good fortune that the 100-inch 
Hooker telescope, the largest and best telescope on Earth, had just 
been commissioned at Mount Wilson.

The Distance to Andromeda

Hubble’s big break came on the 23rd of October, 1923, when he discov-
ered the first Cepheid known in a spiral nebula. He wrote in a letter to 
Shapley, who by then was director of the Harvard College Observatory, 
“You will be interested to hear that I have found a Cepheid variable in 
the Andromeda Nebula . . . I have followed the nebula . . . as closely as 
the weather permitted and in the last five months have netted nine 
novae and two variables. . . .” Over the next year, Hubble made good 

Figure 17.1. The Mount Wilson Observatory’s 100-inch telescope, c. 1940. Hubble’s 
chair is visible to the left. Image courtesy of the Huntington Library, San Marino, 
California.
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ranging from twelve to sixty-four days. The distance to Barnard’s Gal-
axy, derived by Hubble from the period-luminosity relationship was 
250 kiloparsecs (700,000 light-years). Hubble’s September 1925 paper 
describing this research noted, fairly casually but unequivocally, that 
NGC 6822 is “the first object definitely assigned to a region outside the 
galactic system.”

Hubble’s universe of 1925 bore little resemblance to Shapley’s 1924 
universe. Overnight, the Milky Way had been demoted. No longer the 
universe entire, it was just another among the many spiral galaxies and 

Figure 17.2. Infrared image of NGC 6822. NGC 6822 is the first galaxy identified by 
Edwin Hubble as an object clearly outside of the Milky Way. Image courtesy of 
2MASS/UMass/IPAC-Caltech/NASA/NSF.
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other nebulae that filled a vastly expanded universe. The Milky Way 
had a diameter of 30 to 100 kiloparsecs (100 to 300 thousand light-
years). The island universes, now recognized as other galaxies, lay at 
distances of hundreds of thousands to millions of parsecs.

A Decade of Errors

How had the astronomy community, including Slipher, van Maanen, 
and Shapley, been led so far astray? Slipher made good measurements, 

Figure 17.3. Light curves for two Cepheids in NGC 6822, presented by Hubble in his 
groundbreaking 1925 paper. From Hubble, The Astrophysical Journal (1925) 62, 409. 
Reproduced by permission of the AAS.
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In 1931, Hubble and Humason dramatically extended their reach 
out into the universe. They reported velocity measurements as large as 
19,700 kilometers per second for redshifted galaxies, putting the most 
remote galaxy in their survey at a distance of thirty-five megaparsecs 
(110 million light-years), about 18 times farther out into the universe 
than had been possible only two years earlier. The linear relationship 
between redshift velocity and distance still held, with the value of H0

placed at 560 kilometers per second per megaparsec. With this value of 
the Hubble constant, astronomers now had a tool with which they 
could calculate the distance to any galaxy in the universe, provided 
they could measure the redshift velocity of that galaxy. At a distance of 
one megaparsec, a galaxy should have a redshift velocity of about 560 
kilometers per second; at a distance of two megaparsecs, a galaxy should 
have a redshift velocity of about 1,120 kilometers per second; and at a 
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Figure 19.1. Hubble’s 1929 plot showing that the distance to a galaxy is directly 
proportional to the redshifted velocity of that galaxy. Distance is measured along the 
x-axis, with each box representing one million parsecs. Velocity is measured along 
the y-axis (each box representing a speed of 500 km per second. Note that the 
original labels on the y-axis have incorrect units and, as we will see in Chapter 
Twenty, the x-axis has the wrong values). From Hubble, Proceedings of the National 
Academy of Science (1929): 15, 169.
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distance of ten megaparsecs, a galaxy should have a redshift velocity of 
about 5,600 kilometers per second. Therefore, if we measure a galaxy as 
having a redshift velocity of 28,000 kilometers per second, it must lie 
at a distance of 50 megaparsecs.

Interpreting Hubble’s law

Hubble and Humason were very careful in their 1929 and 1931 papers 
to present their results empirically, “without venturing on the interpre-
tation and cosmological significance.” They even suggested that “the 
interpretation of redshifts as actual velocities . . . does not inspire 
the same confidence [as the association of apparent and absolute 
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Figure 19.2 Hubble’s velocity-distance relationship in 1931. Note that the 1929 
measurements extended out to a distance of only two million parsecs, i.e., the 
leftmost fifth of the leftmost and lowest box. Each open circle represents the mean 
value for a cluster of galaxies. From Hubble and Humason, The Astrophysical Journal, 
(1931): 74, 43.
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uniformly so that the separations between galaxies increase with 
time. The galaxies themselves are not stretched. (In this view of 
the universe, on a local scale—“local” meaning distances within 
galaxies rather than distances between galaxies—electromagnet-
ic and gravitational forces are stronger than the force that is 
stretching the universe. Consequently, the galaxies, the stars, the 
solar system, the Earth, and your pet cat are not being stretched 
by the stretching of space.) The total increase in separation be-
tween galaxies increases in direct proportion to the initial separa-
tion between them. Thus, a stationary observer located anywhere 
in this universe would measure a positive, linear correlation of 
distance with apparent velocity for the apparent recession of dis-
tant galaxies, which is exactly what Hubble found. In this uni-
verse, space is stretched but galaxies do not move through space. In 
this universe, the redshifts of galaxies are not Doppler shifts since 
the galaxies themselves are not moving through space. Instead, 
we call these redshifts cosmological because the photons emitted 
by the non-moving galaxies are stretched—redshifted—as they 
travel through the continuously expanding universe.

Before

After

Figure 19.3. Illustration of exploding bomb fragments. Left, all fragments begin at 
(or near) the center. Right, after the explosion, the fastest moving fragments have 
moved the greatest distance from the center, while the objects at the center are not 
moving at all.
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The Age of the Universe Reckoned from 
the Hubble Expansion

At least one conclusion that is common to both of these interpreta-
tions of Hubble’s law amounts to a cosmological revolution: the uni-
verse had a beginning in time that can be measured by scientific means. 
How so? 

No matter which of the two interpretations of Hubble’s distance-
redshift relationship you prefer, if we look backwards in time, the gal-
axies are closer together, either because they are moving backwards 
through space toward the center or because space itself is getting small-
er. If we look back far enough, all the galaxies merge together into a 
single, super, pregalactic clump. If we continue backwards in time be-
yond the moment when this pregalactic clump formed, all the mass in 
the pregalactic clump merges into a single point. Consequently, to 
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Figure 19.4. Illustration of Hubble’s law. Left, at time 0 seconds, we have a piece of 
paper with five dots (labeled A, B, C, D, and E). Each dot is separated from the next 
closest dot by one unit of distance (e.g., one meter). Right, one second later, our 
piece of paper has been stretched in all directions so that it has doubled in size. The 
distance from A to B has doubled from one to two meters. The distance from A to E 
has doubled from four to eight meters. An observer at dot A would discover that dot 
B is moving away from dot A at a speed of one meter per second, while dot E is mov- 
ing away at a speed of four meters per second. An observer at any position would find 
that the other dots are moving away from that position with speeds that are directly 
proportional to their distances from that position.
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of Japanese descent, Germans were not sent to internment camps; in 
April 1942, however, military security in Los Angeles restricted Baade 
to his home between the hours of 8pm and 6am. This effectively put a 
stop to his work as an astronomer. 

To Walter Adams, then the director of Mount Wilson Observatory, 
this situation was unacceptable. Adams convinced the local army com-
mand to make an exception for Baade, which permitted Baade to re-
turn to Mount Wilson for nighttime observing sessions. In the summer 
of 1942, after Hubble left Mount Wilson to work at Aberdeen Proving 
Ground in Maryland for the duration of the war, Baade took over the 
observing time that otherwise would have been Hubble’s. Baade was 
given lemons (World War II; enemy-alien status; nighttime, partial 
blackouts in Los Angeles) but he promptly used them to make lemon-
ade. Long nights with dark skies were ideal for astronomical research; 
Baade had access to the largest telescope on the planet; and thanks to 
Hubble’s wartime service he had plenty of time to use it. By 1944, 
through his studies of Andromeda, Andromeda’s two companion gal-
axies M32 and NGC 205, and a handful of other nearby galaxies, 

Figure 20.1. Walter Baade. Image 
courtesy of the Huntington Library, 
San Marino, California.
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Baade had discovered that spiral galaxies like the Milky Way contain 
two distinct populations of stars. His “Population I” stars included the 
hot and luminous O and B stars and all the stars in open clusters and in 
spiral arms. “Population II” included all globular cluster stars, includ-
ing Bailey’s short-period (few hours) cluster-type variables (Chapter 
Fifteen).

In 1948, with the commissioning of the new biggest telescope on 
Earth, the 200-inch-diameter Hale Telescope at Palomar Mountain, 
Baade announced that one of the first projects for this instrument 
would be to solve the Cepheid problem once and for all. Within a few 
years, he had established the existence of two distinct populations of 
Cepheids, each with a unique period-luminosity relationship. He found 
Type I Cepheids among the Population I stars and the Type II Cephe-
ids among the Population II stars. While both types of Cepheids pul-
sate in similar ways, Type Is are younger, more massive stars than Type 
IIs. Shapley, in 1918, did not have enough or good enough data to rec-
ognize that he had mixed different kinds of Cepheids together into a 
single period-luminosity relationship. After Baade’s work, however, as-
tronomers knew that a Cepheid with a pulsation period of about ten 
days could have a luminosity either about 5,000 times greater than that 

Pop II stars

Pop I stars

Figure 20.2. The Sombrero Galaxy (M104). Walter Baade discovered that spiral 
galaxies have two distinct populations of stars: Pop I stars are in the galactic disk and 
include many young blue stars, while Pop II stars are exclusively old red stars in the 
galactic halo. Image courtesy of NASA and the Hubble Heritage team (STScI/
AURA).
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to an object will be longer if the value of H0 is smaller and will be 
shorter if H0 is larger. In 1986, Michael Rowan-Robinson, in his book 
The Cosmological Distance Ladder, critically assessed half a century of 
measurements of H0 and concluded that the best estimate for the value 
of H0 was 67 ± 15 kilometers per second per megaparsec. This value of 
H0 placed the age of the universe in the vicinity of 15 billion years or, 
more conservatively, in the range from 12 to 20 billion years.

Figure 20.3. Edge-on spiral galaxy NGC 4013. In 1930, Robert Trumpler proved that 
interstellar dust exists and both dims and reddens starlight from distant objects. The 
dark lanes in spiral galaxies are due to the presence of enormous amounts of dust 
between the stars. Image courtesy of NASA and the Hubble Heritage team (STScI/
AURA).
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The light emitted by an exploding white dwarf can be as great as 
a few billion suns and is comparable to the amount of light emitted 
by an entire galaxy, though it lasts for only a brief time. Astronomers 
call such an object a supernova. From the standpoint of observational 
astronomy, supernovae are fantastic objects, sometimes as much as 
100,000 times brighter than the brightest Cepheid variable stars. Their 
blaze of glory, however, is short-lived; as seen in visible light superno-
vae fade away into obscurity in only a few months. They fade away 
because the star is gone, literally blown apart in the explosion. Most of 
the light we see comes from the decay of the enormous amounts of 
radioactive nickel produced during the explosion. The decay of nickel 
to cobalt has a half-life of only six days; the decay of cobalt to iron 
has a half-life of seventy-seven days. Within a few months and a few 

SN 1994ae

SN 1981B

SN 1995al
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Figure 21.1. Optical images of six supernovae near their peak brightnesses. In each of 
these images, the supernova is seen when its brightness is comparable to that of its 
host galaxy. From Riess et al., The Astrophysical Journal (2009): 699, 539.
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half-lives of radioactive cobalt, the supernova fades away and disap-
pears from sight.

Very massive stars also can explode as supernovae at the end of their 
lifetimes and can do so with masses of 20 or 50 solar masses or with 
whatever mass the star had when iron nuclei in the core began to ab-
sorb photons and disintegrate into helium nuclei. Supernovae from 
massive stars are also as bright as billions of suns but, unlike white 
dwarfs, they are not all identical in brightness since their progenitor 
stars can have had any mass larger than about eight solar masses. For 
reasons having to do with the chemical signatures observed in the 

Figure 21.2. Observations of supernovae at relatively low redshift (low z), plotted 
with redshift versus distance. (The difference between the apparent and absolute 
magnitudes, plotted on the y-axis, can be thought of as a proxy for distance.) The 
straight line through all the data points indicates that the inverse square law for light 
applies for objects out to redshifts of z = 0.2, and therefore that the expansion rate of 
the universe is very constant over the time period measured by these observations. 
From Perlmutter and Schmidt, “Supernovae and Gamma-Ray Bursters,” in Lecture 
Notes in Physics, K. Weiler, ed. (2003): 598, 195. Reproduced by permission of 
Springer Publishing.
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of measuring the value of the Hubble constant in the more distant 
universe.

What should we expect from measurements of the redshifts and 
brightnesses of distant supernovae? Imagine that gravity does not act 
to slow down the speeds at which galaxies are rushing away from each 
other—a scenario that cosmologists call a “coasting universe” or an 
“empty (no mass) universe.” In such a universe, we could use the re-
cession values of nearby galaxies, or equivalently the Hubble con- 

Figure 21.3. Discovery images of supernovae in the galaxies HST04Kur, HST05Lan, 
and HST04Haw. The left panels show images after the supernovae exploded, the 
center panels images taken before the supernovae exploded, and the right panels the 
differences between these pairs of images (each “before” image is subtracted from its 
partner “after” image). From Riess et al., The Astrophysical Journal, (2007): 659, 98, 
and the High-z team.
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stant measured from nearby galaxies, to calculate the distances to 
much more distant objects. The distances to these objects would allow 
us to predict their brightnesses, and we could compare their pre- 
dicted to their measured brightnesses. If the predicted and measured 
brightnesses were the same, we would know that we indeed live in a 
coasting universe.

What if the universe has mass (which it does) and that mass acts to 
slow down the rate of expansion of the universe over cosmic time 
(which it must)? We would call this a “decelerating universe.” In it, 
distant galaxies would be closer to us than they would be if the expan-
sion rate had not decreased at all. If they were closer, they would be 
brighter than we would predict them to be, under the assumptions for 
a coasting universe. If the universe contains only a small amount of 
mass and energy, the deceleration rate of the universe will be small and 
so the universe will have expanded at nearly the same velocity for all 
of universal history. On the other hand, if the universe contains a large 
amount of mass and energy, the rate at which the universe has ex-
panded should have decreased significantly over billions of years. In 

GOODS ref

acs-193

04.093 new 04.093 sub

Figure 21.4. Discovery images of a supernova in the galaxy acs-193. The left panel 
shows an image of acs-193 taken before the supernova exploded, the center panel an 
image taken after the supernova exploded, and the right panel the difference between 
these two images (the “before” image subtracted from the “after” image). In this case, 
the supernova exploded very nearly at the center of the galaxy, making it very 
difficult to identify the presence of the supernova except in the third image. Images 
courtesy of Robert Knop.
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Figure 21.5. Observations of supernovae at high redshift (above z = 0.15). The data 
from the previous plot fits onto the left side of this plot. The thick dashed line marks 
where the supernovae were expected to be found on this plot: given Hubble’s law for 
smaller redshifts, a given redshift predicts the distance of any supernova. Top panel, 
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The Accelerating Universe and 
the Age of the Universe

We already understood when we calculated an age from the Hubble 
constant, the Hubble age, that we were assuming that the rate at which 
the universe had been expanding had never changed. Now we know 
that this assumption is wrong. The universe is younger than the age we 
calculated by assuming a constant value of H. Since the currently mea-
sured value of H is about 74 kilometers per second per megaparsec, and 
since this value of the Hubble constant yields an age for the universe of 
about 14 billion years, we know that the age of the universe must be 
less than 14 billion years. 

If the current, accelerating phase of the history of the universe has 
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Figure 21.6. Brightness versus redshift plot for supernovae with redshifts from 0.3 
to 0.9 discovered with the Hubble Space Telescope by the Supernova Cosmology 
Project team. The lower (dotted) line shows where the supernovae would be in 
a coasting universe. The solid (top) line is the best fit to these data. The actual 
supernovae measurements show that they are fainter (the effective apparent mag-
nitude) than expected at every redshift. Image from Knop et al., The Astrophysical 
Journal (2003): 598, 102.
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reach us; however, we could readily infer the existence of the dark star 
from its gravitational influence on other objects. 

Reverend Michell’s dark bodies do exist. We call them black holes, 
and they come in several varieties. We know that some black holes 
form from normal matter, for example those that come into being when 
some massive stars die (Chapter Twenty-one); others may have formed 
from exotic dark matter. But since we cannot see inside a black hole, 
we have no way of knowing anything about the character of the mass 
out of which any particular black hole is made.

Half a century later, Friedrich Wilhelm Bessel suggested that the 
stars Procyon and Sirius slalom slowly across the sky in a way that only 
makes sense if they are each orbiting a dark, unseen companion. An-
ticipating our modern view of the universe, Bessel wrote, “We have no 
reason to suppose that luminosity is a necessary property of cosmic 
bodies.” When Alvan Clark detected Sirius B in 1862, these previously 
invisible companions changed in our understanding from being dark 
and unseen to being merely faint and hard to detect. They are now 
known as white dwarfs, and we do not consider the white dwarf com-

Figure 22.1. Illustration of the motion of a binary star system (here Sirius A and B) as 
they slalom past the fixed stars over a time period that spans many decades. For the 
first twenty years after the curved-path motion of Sirius A, with respect to the 
background stars, was first detected, even the most powerful telescopes were not 
strong enough to permit observers to detect the presence of Sirius B.

Unmoving
background stars

Sirius A
Sirius B
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he had calculated for the Coma Cluster had not broken away. Zwicky 
suggested that the Coma Cluster must contain an enormous amount of 
unseen matter and that therefore the true escape velocity must be 
much greater than the value he derived from his measurements of the 
total amount of luminous matter. By his estimate, the Coma Cluster 
would have to contain 400 times more mass, all of it unseen, than his 
estimate for the mass of all the luminous matter, in order to provide the 
gravitational pull that would bind even the fastest moving galaxies to 
the cluster forever. Modern improvements on and corrections to 
Zwicky’s work have reduced the requirement for unseen matter to a 
factor of 50 rather than 400, but his conclusion remains solid: as much 
as 98 percent of the mass of the Coma Cluster is not producing enough 

Figure 22.2. The Coma Cluster, a prototypical dense cluster of galaxies. This was the 
cluster studied by Fritz Zwicky in 1933. Image courtesy of the Sloan Digital Sky 
Survey Collaboration, www.sdss.org.
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visible light to be seen. What could that mass be? Black holes? White 
dwarfs? Jupiters?

Because this unseen matter, like the galaxies, had not escaped the 
Coma Cluster, Zwicky realized that whatever it was, it must be com-
posed of objects that have velocities comparable to those of the galax-
ies themselves and much smaller than the speed of light. In an astro-
physical environment, slow-moving particles or objects—and the 
adjective “slow” here means slow in comparison to the speed of light—
are called “cold” and fast-moving particles are called “hot.” Since this 
unseen material was “cold” in the logic of astrophysics, Zwicky called it 
dunkle (kalte) Materie, or “dark (cold) matter.” 

Zwicky’s study of the Coma Cluster brought cold dark matter into 
the twentieth-century conversation, and by 1999 astrophysicist Sidney 
van den Bergh would write that Zwicky’s “may turn out to have been 
one of the most profound new insights produced by scientific explora-
tion during the twentieth century.” Today few would argue with van 
den Bergh’s assessment, but in the 1930s Zwicky’s surprising results 
went largely unnoticed by his colleagues. One who did pay attention 

Figure 22.3. Illustration of the motions of galaxies in the Coma Cluster. Zwicky found 
that their velocities were so high that the galaxies should escape from the cluster.
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was Sinclair Smith of the Mount Wilson Observatory, who in 1936 ar-
rived at a conclusion regarding the Virgo Cluster of galaxies that was 
strikingly similar to Zwicky’s for the Coma Cluster: the large relative 
motions of thirty individual galaxies, some with velocities of up to 
1,500 kilometers per second, would disrupt the cluster unless the aver-
age mass for the galaxies was about 200 times larger than the average 
mass for a galaxy that Hubble had calculated based on the amount 
of light received from these galaxies (again, modern corrections have 
reduced the estimate of the unseen mass to a factor of 25 or 30 larger). 
Smith even speculated, very presciently, that perhaps the mass esti-
mates for the galaxies themselves were correct but that the un- 
seen mass was likely “internebular material, either uniformly distrib-
uted or in the form of great clouds of low luminosity surrounding the 
nebulae.”

In 1959, Fritz Kahn and Lodewijk Woltjer, working at the Institute 
for Advanced Study in Princeton, New Jersey, concluded from a study 
of what is called our “Local Group” of galaxies, which is a small cluster 
of galaxies that includes the Milky Way and Andromeda, that “the 
Local Group of galaxies can be dynamically stable only if it contains an 
appreciable amount of intergalactic matter.” They speculated further, 

Figure 22.4. The distribution of velocities of thirty galaxies in the Virgo Cluster, as 
presented by Sinclair Smith in 1936. Some individual galaxies are moving as fast as 
1,500 kilometers per second relative to the mean velocity (dashed line) of 1,225 
kilometers per second. From Sinclair Smith, The Astrophysical Journal (1936): 83, 23. 
Reproduced by permission of the AAS.
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of hot dark matter is not strictly-speaking dark, since it emits copious 
amounts of X-rays.

The total mass made up of hot, X-ray-emitting atoms that fills the 
intergalactic spaces within clusters of galaxies is about ten times great-
er than the total amount of mass that previously had been identified in 
the form of stars or clouds of gas inside the galaxies themselves. This is 
an incredible amount of previously unseen matter. No one, prior to the 
actual discovery of these intragalactic-cluster gas clouds, would ever 

20”

Figure 22.5. This Chandra telescope image of the galaxy cluster RDCS 1252.9-2927 
shows the emission of X-rays from 70-million-degree-Celsius gas (seen as the gray and 
white fuzz and blobs). The X-ray image is superimposed on a visible-light image of the 
cluster (all of the small dots and smudges are the galaxies seen in visible light). X-ray 
data indicate that this cluster formed more than 8 billion years ago and has a mass at 
least 200 trillion times that of the Sun. X-ray image courtesy of NASA/CXC/ESO/P.
Rosati et al. Optical image courtesy of: ESO/VLT/P.Rosati et al.
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from the galactic center, immediately yields the orbital period around 
the center of the galaxy for that object. The orbital period and the size 
of the orbit, when combined with Kepler’s third law, directly give us 
the total mass inside the orbit.

If a planet were orbiting a double star system, the masses of both 
central stars would control that planet’s orbit. Now imagine a star that 
is surrounded by a spherical cloud of asteroids. The cloud contains tens 
of millions of asteroids that, together, have as much mass as the star, 
and the asteroid cloud has a diameter equal to that of Jupiter’s orbit. 
We put a planet in orbit around this star but a distance ten times great-
er than the distance of Jupiter, i.e., far outside of the asteroid cloud. In 
this case, the orbital velocity of the planet would be controlled by the 
mass of the star plus the mass of the asteroid cloud. The fact that the 

Figure 22.6. Two spiral galaxies. Left, NGC 891. This galaxy is viewed edge on. 
Right, M101, the Pinwheel galaxy. This image shows how a spiral galaxy looks when 
viewed from directly above its midplane. Images courtesy of NASA and 2MASS 
(left), European Space Agency & NASA (right).



Figure 22.7. Horace Babcock’s rotation curve for the Andromeda Galaxy. The vertical axis indicates the velocities of 
the observed stars, the horizontal axis the distance of those stars from the center of the galaxy (in minutes of arc). 
Within a few minutes of arc of the center, the orbital velocities increase rapidly with distance, indicating the 
presence of additional mass with increasing distance from the center. Then the orbital velocities decrease rapidly, 
indicating that no additional mass is being added to the total galaxy mass over this distance interval. From about 10′ 
of arc (600 pc) out to 100′ of arc (6,000 pc), the orbital velocities increase steadily, indicating that a great deal of 
unseen mass is spread through this part of the galaxy. From Horace Babcock, Lick Observatory Bulletin (1939): 498.
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steadily increase. This result is only possible if a significant fraction of 
the mass of Andromeda is distributed throughout the galaxy from dis-
tances of 300 parsecs out to 6 kiloparsecs, with vast amounts of mass 
found at great distances from the center.

The mass of Andromeda had been estimated from the total light 
emitted by all the stars and clouds of gas and dust observable within 
the galaxy. The mass distribution inferred from simply looking at where 
the stars and clouds were located and how much light they produced 
indicated that a great deal of mass was near the center of the galaxy, 
with some but not large amounts of mass in the outer parts of the disk. 
Such a mass distribution should have looked nearly Keplerian, with 

Figure 22.8. Vera Rubin’s 1962 rotation curve for the Milky Way Galaxy. The 
vertical axis indicates the velocities of the stars in comparison to the velocity of the 
Sun, the horizontal axis the distance from the center of the galaxy (in kiloparsecs). 
Numbers along the top of the chart indicate the number of stars observed for each 
data point on the plot. The data show a flat rotation curve from 8 kpc outwards. The 
solid curve shows the rotation curve for the galaxy based on 1954 measurements of 
radio signals emitted by Milky Way hydrogen gas clouds within eight kpc of the 
center, which these data match reasonably well. 1956 models showing what the 
rotation curve was expected to look like at distances from the center greater than 
eight kpc clearly do not match these data. From Rubin et al., The Astronomical 
Journal, (1962): 67, 491.
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stellar and cloud velocities decreasing slowly but steadily with in- 
creasing distance from the center. This, of course, is not what Bab- 
cock found. 

If the velocities of the stars are greater than what would be predicted 
from the amount of mass inferred from measurements of the total 
amount of light emitted by the galaxy, then additional mass must be 
present that is unseen and gives no hint of its presence through the 
emission of any form of electromagnetic radiation. Since this matter 
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Figure 22.9. Dan Clemens’ 1985 rotation curve for the Milky Way, with measurements 
extending nearly to the center of the galaxy and more than twice as far from the center as 
the Sun. Clemens’ work placed the Sun 8.5 kpc from the galactic center, with a circular 
rotation speed about the center of 220 km per second. More recent work by Mark Reid 
and collaborators indicate that the Sun’s circular rotation speed is close to 250 km per 
second. Reid’s measurements strongly suggest that the rotation curve of the Milky Way is 
very similar to that of Andromeda, and so presumably the dark matter components of 
these two galaxies are also comparable in mass. From Clemens, The Astrophysical Journal, 
(1985): 295, 422.
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has not evaporated from the galaxy, it must be moving at speeds com-
parable to the speeds of the stars, not comparable to the speed of light, 
and so it must be cold as well as dark.

In 1962 Vera Rubin took up where Horace Babcock left off. She 
measured the orbital velocities of 888 stars located within 3 kiloparsecs 
of the Sun in the Milky Way in order to determine the rotation curve 
for the galaxy at distances of 5 to 11 kiloparsecs from the center. Ru-
bin’s results for the Milky Way were the same as Babcock’s for An-
dromeda. She found that “for R > 8.5 kpc [further from the center of 
the galaxy than the Sun], the stellar curve is flat, and does not decrease 
as expected for Keplerian orbits.” Such a flat rotation curve can be 
generated if the amount of mass in the galaxy, at distances from 8 to 11 
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Figure 22.10. Rotation curve for the Andromeda Galaxy, which extends the ob-
served rotational velocities out to 120 minutes of arc, with far more data points than 
in Babcock’s original work. The flat rotation curve continues at least as far out as 
7,200 parsecs. From Rubin and Ford, The Astrophysical Journal (1970): 159, 379.
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Figure 22.11. Rotation curve (data points with the line drawn through them) for 
Andromeda that extends the measurements of orbital velocities out to distances 
of 30,000 parsecs from the center. The line marked “surface density” indicates the 
amount of mass per square parsec at a given distance from the center. The line 
marked “cumulative mass” indicates the total mass of the galaxy inside the orbit of 
a star at a given distance from the center. The flat rotation curve continues at least 
out to 30 kpc from the center, and the amount of mass climbs steeply from one kpc 
all the way out to the limits of the data. From Roberts and Whitehurst, The Astro-
physical Journal (1975): 201, 327.

kiloparsecs, increases with distance from the center at the same rate as 
the distance increases (mass is directly proportional to distance).

Flat. Another word entered the lexicon of modern astronomy. A 
“flat rotation curve” for a galaxy indicates that the stars within the 
galaxy have essentially the same orbital velocities across a vast range 
of distances from the center. Since the luminous mass in galaxies is 
insufficient to provide the gravitational force necessary to generate the 
observed orbital velocities, the only way to generate flat rotation curves 
is for galaxies to have enormous amounts of mass that is cold and dark. 
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In fact, to explain the rotation curve for the Milky Way that Rubin 
measured, at least 90 percent of the mass of the galaxy must be cold 
dark matter. Rubin, working in 1970 with Kent Ford, measured the 
rotation curve for Andromeda using observations of hot, glowing clouds 
of ionized hydrogen gas and showed that Andromeda has a flat rotation 
curve all the way out to 24 kiloparsecs from the center; then Morton 
Roberts and Robert Whitehurst, by studying radio waves from hydro-
gen atoms in frigid clouds of gas, extended the rotation curve data for 
Andromeda past the realm of the visible disk of stars, all the way out to 
30 kiloparsecs. Still, the rotation curve stayed flat. By the mid-1970s, 
there was a veritable cottage industry in measuring the rotation curves 
of spiral galaxies. And without exception, astronomers found the same 
answer: they were all flat.
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Figure 22.12. Rotation curve for NGC 3198 obtained from radio telescope observa-
tions of the orbital velocities of hydrogen gas clouds in this galaxy, showing the flat 
rotation curve common to galaxies. From Begeman, Astronomy & Astrophysics (1989): 
223, 47, reproduced with permission © ESO.
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Figure 22.13. Rotation curve for NGC 7217 obtained from visible light observations 
of orbital velocities of ionized hydrogen gas, showing a nearly flat rotation curve. 
From Peterson et al., The Astrophysical Journal (1978): 226, 770.
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space. One of the more dramatic predictions that emerged from Ein-
stein’s theory of general relativity, which is fundamentally a mathemat-
ical description of gravity, is that mass determines the shape of space. 
Specifically, in the presence of small amounts of mass space appears to 
be very flat, while in the presence of large amounts of mass space is 
measurably curved. Light cannot travel outside of space, so light will 
travel along the shortest available path through curved space. We 
could reasonably describe the light path as a straight line (i.e., the 
shortest path) through curved space. This is not, however, the lan-
guage we normally use. Instead, we talk about mass bending the path of 
light, which makes the phenomenon sound, incorrectly, as if the light 
is traveling along curved lines through flat space. But no matter how 
we describe this phenomenon, the result is the same: light travels along 
the shortest possible path, the quickest route, through space that is 
sculpted by mass.

In 1919, Sir Arthur Eddington famously led an expedition to Prin-
cipe, an island that straddles the equator near Gabon, just off the 
coast of western Africa, to conduct an experimental test of Einstein’s 
theory of general relativity. Simultaneously, under instructions from 
Eddington, Andrew Crommelin led another British team to make 
identical measurements from Sobral, in northern Brazil. The idea was 

Figure 23.1. Illustration of gravitational lensing. Top, without 
gravitational lensing, light from a star travels in a straight line to 
the observer. Bottom, when a large mass lies in between the 
observer and the star, the observer cannot see the star at the star’s 
true position because of the mass between them. However, light 
from the star is bent by the gravitational lens, so the observer sees 
multiple images of the star.
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straightforward: on May 29, 1919, during a five-minute total eclipse of 
the Sun, Eddington and Crommelin and their teams would measure 
the positions of some stars in the Hyades star cluster, which during the 
moments of the eclipse would be located just beyond the dark edge of 
the solar disk. Since Einstein’s theory predicts that the mass of the Sun 
curves space so that the space near the Sun acts like a lens to bend and 
focus light, these stars should be displaced outward by about one 
second of arc from the locations at which they should be found if New-
ton’s, rather than Einstein’s, theory of gravity were right. The Edding-
ton and Crommelin expeditions were successful; in London on No-
vember 6, the Astronomer Royal, Sir Frank Dyson, reported the results 
to professional colleagues at a closed meeting of the Royal Society and 
the Royal Astronomical Society. On November 7, The Times of Lon-
don, under a banner headline “Revolution in Science, Newtonian 
Ideas Overthrown,” declared: “The scientific concept of the fabric of 
the Universe must be changed.” Three days later, the New York Times 
offered the headline: “Einstein Theory Triumphs, Stars Not Where 
They Seemed or Were Calculated to Be.” Einstein became world fa-
mous overnight.

In more recent decades, astronomers have observed numerous ex-
amples of massive objects bending light. This phenomenon is now 
called gravitational lensing; the massive object bending the light is called 

Figure 23.2. The gravitational 
lensing effect known as 
Einstein’s Cross, in which four 
images (top, bottom, left, right) 
of the same distant source are 
seen lensed by a nearby object 
(center). In this image, a galaxy 
only 400 million light years 
away is lensing a quasar located 
8 billion light years away. Image 
courtesy of NASA, ESA, and 
STScI.
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the gravitational lens while we call the much more distant object whose 
light is bent and seen by us as one or multiple distorted objects the 
background source. Gravitational lenses that have been discovered in 
recent years include Earth-sized planets orbiting distant stars in the 
Milky Way as well as supermassive galaxy clusters in the relatively dis-
tant universe. The exact number and shapes of the distorted images of 
a background source seen in the vicinity of a gravitational lens depend 
on several factors, including the mass of the gravitational lens, the 
distance from Earth to the gravitational lens, the angular distance 
from the gravitational lens to the lensed image(s) of the background 
object, and the distance from the gravitational lens to the even more 
distant background. If the mass of the gravitational lens is large enough 
and the angle between the gravitational lens and the background ob-
ject is small enough, we will see multiple images or a stretched out and 
curved image of the background object. This situation is known as 
“strong gravitational lensing.” In other cases, the lens is not strong 
enough to generate multiple images or even a stretched and curved 
image of a background source but is strong enough to stretch the image 
of the lensed object. This situation is known as “weak gravitational 
lensing.”

Figure 23.3. Gravitational lensing seen toward the galaxy cluster Abell 2218. The 
arcs are lensed images of galaxies located five to ten times farther than the lensing 
cluster. Image courtesy of W. Couch (University of New South Wales), R. Ellis 
(Cambridge University), and NASA.
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to Newton’s laws (called Modified Newtonian Dynamics, or MOND) 
could explain flat rotation curves without resort to dark matter. Maybe, 
say MOND proponents, astrophysics tell us nothing about whether ax-
ions and sparticles are real. Observations of the Bullet Cluster have 
provided the definitive rebuttal to MOND.

Remember that the physical sizes of the visible parts of galaxies are a 
few tens of thousands of light-years across (the visible part of the Milky 
Way has a diameter of about 100,000 light-years), which are very small 
distances in comparison to the millions-of-light-year distances be-
tween galaxies within a cluster (the distance from the Milky Way to 

Figure 23.4. This composite image shows the galaxy cluster 1E 0657-56, also known 
as the Bullet Cluster. This cluster was formed by the collision of two large clusters of 
galaxies, the most energetic event known to have taken place in the universe since 
the Big Bang. The two large white-gray patches closest to the center show the 
locations from which X-rays are being emitted from hot gas. The outer two white-
gray areas, which overlie the two locations of the visible galaxies, show the locations 
of the mass responsible for gravitational lensing of more distant galaxies. X-ray image 
courtesy of NASA/CXC/CfA/M.Markevitch et al. Optical image courtesy of NASA/
STScI; Magellan/U.Arizona/D.Clowe et al. Lensing Map courtesy of NASA/STScI; 
ESO WFI; Magellan/U.Arizona/D.Clowe et al.
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had a beginning was no longer confined to theological speculation. 
Once and for all it had entered the realm of cosmology.

In 1930 Lemaître sent a copy of his paper to Sir Arthur Eddington, 
who announced Lemaître’s results to the world via a letter to the jour-
nal Nature (June 1930) and arranged for an English language transla-
tion of Lemaître’s paper to be published in Monthly Notices of the Royal 
Astronomical Society in March of the following year. Eddington himself 
rejected the idea that the universe could ever have been so unimagin-
ably small; he wrote in his Nature letter that “the notion of a beginning 
of the present order of nature is repugnant to me.” Later that year, in 
an October letter to the journal, he explained that he accepted the 
expansion of the universe but believed that the universe had never 
been small and had no beginning in time: “Its original radius was 
1,070 million light-years, before it began to expand.” Lemaître re-
sponded that “the beginning of the world happened a little before the 
beginning of space and time. I think that such a beginning of the 

Figure 24.1. Left, Belgian priest and physicist Georges Lemaître. Middle, British 
astrophysicist Arthur Eddington (seated, left), with physicists Henrik Lorentz (seated, 
right) and Albert Einstein, Paul Ehrenfest, and Willem de Sitter (left to right, 
standing). Right, Russian-American astrophysicist George Gamow. Photos courtesy 
AIP Emilio Segrè Visual Archives (center). and The George Washington University 
Library (right).
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photon would have been stretched to 100 times its original size. It 
would have a wavelength of 65,620 nanometers. The photon, origi-
nally emitted at a red wavelength detectable by human eyes is now 
redshifted into the far-infrared where it is invisible to our eyes. This 
redshift, which is caused by the expansion of the universe rather than 
by the physical motion of an object away from us through space, is 
called a cosmological redshift. These are the redshifts originally observed 
by Vesto Slipher in 1913 and by Edwin Hubble and Milton Humason 
in the late 1920s.

If for a very distant object we determine the value of that object’s 
cosmological redshift, we immediately know how much bigger the uni-
verse is now than it was when the just-observed photons from that 
distant object were emitted. For example, if the cosmological redshift 
is 0.3, the universe is 30 percent bigger now than when these photons 

Figure 24.2. Illustration of cosmological redshift: The grid with galaxies represents 
the universe. On the left, the universe is shown as it was in the past, at a moment 
when a photon is seen leaving the left-most galaxy. On the right, the universe is seen 
at the present time, when the photon reaches the right-most galaxy. From “then” 
until “now,” the entire universe has doubled in size, so that the distances between 
galaxies are twice as large and the photon itself is twice as large. The galaxies, how-
ever, have not moved from their original locations in the universe and have not 
changed in size.

Then

1

Now

2
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that peaks at a short wavelength, Wien’s law tells us, the result of stretch-
ing all of these photons is that the universe cools. 

Gamow had this insight in 1946 and subsequently put his graduate 
student, Ralph Alpher, to work on answering the question of how nu-
cleosynthesis would have operated in a very hot, young universe as it 
expanded and cooled off. In 1948, Gamow and Alpher published “The 
Origin of Chemical Elements” in the journal Physical Review, in which 
they demonstrated that the physical reactions in the first moments of 
the universe, when the universe was still hot and dense enough to per-
mit fusion reactions to happen, would naturally produce a universe 
made almost entirely of hydrogen and helium. 

Initially the universe, as described by Gamow and Alpher, was pure 
energy. Energy, however, as shown by Einstein, is equivalent to mass 
multiplied by the square of the speed of light, E = mc2. As a conse-
quence of this equivalence of energy and mass, energy in the form of 

Figure 24.3. Left, a composite picture, dated 1949, showing Robert Herman (left), 
Ralph Alpher (right), and George Gamow (center). Gamow is seen as the genie 
coming out of the bottle of “Ylem,” the initial cosmic mixture of protons, neutrons, 
and electrons from which, Gamow hypothesized, the elements formed. Right, Robert 
Dicke. Image courtesy of Princeton University Library (right).
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trons) and joined to become charge-neutral atoms. As a result of each 
combination reaction, some energy was given off as a photon. Next, 
the photons emitted in these combination reactions quickly found 
themselves colliding with free electrons (electrons not bound with 
protons into atoms). Just as would happen when a gust of cold air comes 
through an open door into a room full of warm air and the collisions of 
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Figure 24.4. The relative amounts of deuterium, helium, and lith-
ium depend on the overall density of normal matter during the 
first few minutes of the history of the universe, when Big Bang 
nucleosynthesis took place. For example, if the density were low 
(left), very little lithium would be produced; if the density were 
high (right), most of the deuterium and 3He would fuse into lithi-
um and 4He. The observed relative amounts (the circles on each 
curve) of deuterium, helium, and lithium are all consistent with 
the same density for ordinary matter. Image courtesy of NASA.
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air molecules bring all the molecules to the same temperature, these 
photon-electron collisions redistributed the energies among the pho-
tons and electrons so that the sea of photons took on the same tem-
perature as the sea of particles. Now, the photons made up a gas that 
permeated the universe and had a characteristic temperature. Finally, 
after being randomly scattered enough times by the electrons, these 

TABlE 24.1.
The Early Universe

Age of 
the Universe Temperature Particles What is Happening

1.5 millionths  1,000 billion K  •  number of protons  •  below this temperature,
of a second     and neutrons frozen    these particles are too 

massive and can no 
longer turn back into 
photons

5 seconds  6 billion K  •  the number of elec-  •  below this temperature,
   trons is frozen   these low mass particles
  •  photons cannot       can no longer turn back
   travel far before in-   into photons
      teracting with elec-  •  the universe is opaque
   trons 

3 minutes  1 billion K  •  protons are stable  •  protons and neutrons
  •  neutrons decay       collide to form deute-
  •  there are seven       rium nuclei
      times as many   •  deuterium nuclei and
   protons as neutrons   protons collide to form
  •  all remaining neu-      helium nuclei
      trons are stable in   •  nuclear fusion ends
   deuterium or helium 
   nuclei
  •   75% of the total mass 

of all protons and  
neutrons are in hydro- 
gen, 25% in helium 

380,000 years  3,000 K  •  neutral hydrogen   •  electrons combine with
   atoms   hydrogen and helium
  •  neutral helium       nuclei (recombination)
      atoms  •   the universe becomes 

transparent
    •  CMB is released
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ter them, the possibility of a photon encountering a neutral hydrogen 
atom dropped effectively to zero. A photon was more likely to travel 
the entire length or breadth of the universe than to see an atom in its 
path. This transition period, when the temperature of the universe was 
about 3,000 K and the photons were suddenly released, free to travel 
unimpeded across the universe, was the epoch when the universe be-
came transparent to light. All the photons in the universe released 
during this transition period from every location in the universe, taken 
together, look like light released from a blackbody with a temperature 
of 3,000 K. They are still traveling. We call these photons the cosmic 
background radiation.

In 1948, Alpher and Robert Herman, Alpher’s colleague at Johns 

We are here

Opaque
universe

Transparent
universe

Horizon

Figure 24.5. The cosmic microwave background consists of 
photons that were emitted when the universe was about 380,000 
years old. In this cartoon, we look outwards from our location in 
the universe, and when we look outwards we look back in time. 
Photons emitted about 13.7 billion years ago have been redshifted 
during their journey toward Earth. Any photons created and 
emitted in the universe before 13.7 billion years ago cannot 
penetrate the horizon, as they were absorbed by other particles 
before they could travel far. On the other hand, at the moment 
the CMB photons were emitted, the universe was transparent, so 
those photons have traveled without being stopped or absorbed 
across 13.7 billion years of time and space to reach our telescopes.
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we are referring to the intrinsic temperature of the CMB after the ef-
fect of the motion of the solar system has been taken into account.

The isotropy of the CMB would appear to be consistent with, and 
even required by, the cosmological principle. That is, if the laws of 
physics are the same everywhere in the universe, and if the universe 
looks the same in all directions and is composed of the same constitu-
ent elements everywhere, then surely the temperature of the CMB 
must also be the same in all directions. Yet, seemingly ironically, the 
initial discovery that the background glow of the universe was appar-
ently perfectly uniform and isotropic, at least to the limiting accuracy 
of observational measurements, raised enormous problems for cosmolo-
gists who could not understand how the CMB could possibly be so 
uniform and isotropic. We need to look very deeply at this apparent 
paradox to understand the motivations for the important CMB-related 
discoveries of the last two decades, which in turn have provided our 
most accurate estimate for the age of the universe.

Two Problems with the CMB

Two different and completely unrelated problems needed to be solved. 
The first involved the actual existence of large-scale structures—a term 
used by astronomers to refer to galaxies, clusters of galaxies, superclus-
ters of galaxy clusters, and filaments of superclusters—in the universe: 

Map of the CMB temperature
of the entire sky: 2.7 K everywhere

Figure 25.1. When viewed from the Earth, the sky appears as a spherical surface that 
surrounds us. That surface can be presented in the form of a flat map, just as we might 
produce a flat map of the surface of the Earth. Using more than two decades of mea-
surements of the temperature of the cosmic microwave background, this map presents 
the temperature of the CMB sky, as measured prior to 1990. Since these observations 
showed that the CMB had the same temperature everywhere, this map has no 
structure.
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which it was hoped would be more readily detectable from COBE than 
from the balloon-borne detectors of the 1960s through the 1980s with 
their very limited spatial resolution and limited sensitivity to small 
temperature differences. Imagine a 1960s weather satellite looking 
down at North America. The satellite measures an average tempera-
ture for the whole continent; yet, when viewed with more spatial de-
tail, with a better, future-generation satellite, we find that Texas is hot, 
Nebraska is less hot, North Dakota is cool, and Manitoba is very cold. 
No single location is ”average.” Our weather satellite observations will 
reveal the average unless we have a satellite capable of seeing suffi-
ciently fine spatial detail. In addition, even if our satellite is able to 
separately measure the temperatures in Texas and Manitoba, if the 
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Figure 25.2. Spectrum of the cosmic microwave background obtained with the 
instrument FIRAS on the COBE satellite. The errors on the thirty-four different 
measured data points are so small that they cannot be seen under the line drawn for a 
blackbody with a temperature of 2.725 K. Image courtesy of NASA.
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temperature in Texas is 300 K while the temperature in Manitoba is 
only 299.9 K and if our measuring device is only accurate to the near-
est degree, we would be unable to detect the temperature difference be-
tween these two locations on the continent. Similarly, in order for as-
tronomers to detect any temperature differences in a microwave map 
of the sky, they needed a telescope that could be pointed at small 
enough regions of the sky and that could detect very small temperature 
differences.

The differential microwave radiometer (DMR) on COBE, designed 
by George Smoot, was built to measure differences in the temperature 
of the CMB in any two directions separated by an angle of 60 degrees—
if any were there. It did its job. The DMR team detected fluctuations at 
the level of 36 millionths of one degree (barely one thousandth of one 
percent of the CMB temperature). After a quarter century of effort, 
astronomers finally knew the absolute temperature of the CMB: 
TCMB = 2.725 K. And after an equally long pursuit, they knew that the 

Figure 25.3. World map, showing how the three-dimensional surface of a sphere is 
depicted as a flat map. The large circle over North America illustrates how a single 
measurement of the temperature of the Earth, obtained with low spatial resolution, 
would measure the average temperature over a wide range of latitudes. Such a 
measurement would not be able to indicate the wide range of actual temperatures. 
Observations made with higher spatial resolution (small circles) would be able to 
distinguish the high temperatures in Texas from the much lower temperatures in 
Canada.
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absolute temperature of the CMB was not identical in all directions. 
The differences in temperature (∆T) from one part of the sky to an-
other were very tiny, but thanks to the DMR instrument and to the 
analysis of its data by George Smoot’s team, they were now a known 
quantity: ∆T = ± 0.000036 K. For their accomplishments in measuring 
so accurately the average temperature of the CMB and mapping the 
tiny temperature differences in the CMB across the sky, Mather and 
Smoot shared the Nobel Prize in Physics for 2006.

COBE, however, did not have the spatial sensitivity to measure cos-
mic detail on scales as small as clusters of galaxies. The smallest detail 
COBE could see was about seven degrees across (equivalent to a circle 
on the sky with a diameter about the size of a fist held at arm’s length). 
As a result, any regions of space that were hotter than about 2.7251 K 
or colder than about 2.7249 K but smaller in their angular extent than 
7 degrees across could not be detected by COBE; any such higher and 

Figure 25.4. Map of the temperature differences in the cosmic microwave background 
measurements made by COBE. Regions inside black contour lines are as much as 
0.0001 K cooler, while gray regions without black contour lines are as much as 0.0001 
K warmer than 2.725 K. Image courtesy of NASA.
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lower temperature fluctuations in the CMB from small angular areas 
were beyond the limited spatial resolution capabilities of COBE. 

The follow-up mission to COBE, directed by Charles Bennett, was a 
satellite known as the Wilkinson Microwave Anisotropy Probe 
(WMAP). It was launched in 2001. WMAP has a spatial resolution of 
less than 0.3 degrees across, thirty-three times better than COBE, and 
so is able to see much finer details in the spatial distribution of the 
CMB. According to the WMAP results, the temperature fluctuations 
in the CMB on a 0.3 degree spatial scale are two ten-thousandths of a 
degree (0.0002 K), six times larger than those seen by COBE: 
TCMB = 2.725 and ∆T = ± 0.0002 K. Thus, COBE and WMAP appear 
to have answered the first question raised by the apparent smoothness 
of the CMB: How could it be the same in all directions despite the 
presence of large-scale structures in the universe? The answer is simply 
that it is not. Temperature differences as large as one thousandth of a 
degree exist between the hottest and coldest spots.

Figure 25.5. Map of temperature differences in the cosmic microwave background 
measurements made by WMAP. Dark regions are as much as 0.0002 K cooler, while 
whitest regions are as much as 0.0002 K warmer than 2.725 K. Image courtesy of 
NASA and the WMAP science team.
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In 1918, Japanese ophthalmologist Shinobu Ishihara created visual 
charts for testing colorblindness. Each of these charts is an almost cir-
cular shape, with each circle made from a large number of small, col-
ored spots. Some of the spots are small, some are large; and they come 
in a variety of colors. Embedded in the otherwise apparently random 
distribution of colored spots is a pattern, typically a number or shape. 
When a person who is colorblind looks at a typical Ishihara chart, he 
(7 percent of men but only 0.4 percent of women are red-green color-
blind) sees no pattern at all, just a random splattering of spots of differ-
ent sizes and colors; however, a person with a strong sense of colors and 
shades will see the embedded patterns in the distributions of dots on 
the charts. 

The trick to seeing the patterns is having the right tools. We detect 
color using pigments in the cones in our retinas, so in order to see col-
ors of light we need a set of genes that properly codes for the produc-
tion of these pigments. If our genes code for the wrong pigments, the 
cones will lack sensitivity to the full range of colors and we will be 
blind to some or all of the information embedded in the Ishihara 
charts.

Like a circular Ishihara colorblindness chart, the oval COBE map of 
the cosmic microwave background shows a distribution of spots with a 
range of sizes; although the spots are color-coded according to how dif-
ferent their temperatures are from the average CMB temperature of 

Figure 26.1. Two grayscale versions of Ishihara colorblindness charts. Left, the 
number “12.” Right, the number “6.” In full-color versions of these charts, colorblind 
readers would see a random assortment of dots of different sizes and colors in the 
panel on the right.
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called a power spectrum. In this particular kitchen, the power spectrum 
shows that most of the power was expended at the smallest spatial fre-
quencies (300 units of power is seen for one-tile-per-square-foot 12-
inch tiles), a moderate amount of power is evident at the intermediate 
spatial frequencies (50 units of power for the nine-tiles-per-square-foot 
4-inch tiles), and very little power shows up at the highest spatial fre-
quencies (20 units of power for the 144-tiles-per-square-foot 1-inch 
tiles). 

Different kitchen designs, with different sizes of floors, counters, and 
backsplashes, and perhaps different choices for tile sizes, would natu-
rally have unique patterns of spatial frequency versus power. We might 
even imagine what a power spectrum would look like for the tile design 
for an entire house, for a medieval church, or for a modern city. Each 
would show a suite of tiles-per-square-foot needs, from sidewalks (with 
6-foot-by-4-foot segments, the spatial frequency for sidewalk tiles would 
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Figure 26.2. Graph showing the number of tiles of each size needed to tile my 
kitchen: 2,880 1-inch tiles, 450 4-inch tiles, and 300 12-inch tiles.
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be very low, only one-twenty-fourth of a tile per square foot) to intri-
cate mosaic fountains (with thousands of tiny tiles per square foot, the 
spatial frequency for the mosaics would be enormous). In turn, the 
power per spatial frequency would depend on the total areal coverage 
of the sidewalks in the city and the surface area for the fountains in the 
parks.

Now, instead of planning to build this kitchen, for which we a priori 
know how much power will be needed at each planned spatial frequen-
cy for our tiles, let’s imagine that we are visiting a new home that has 
already been finished. We fall in love with the design and decide we 
want to build another kitchen with the identical patterns. Our job is to 
make a map of the kitchen, determine the various spatial frequencies 
of the tiles, and determine the spatial frequency versus power pattern 
for all possible spatial frequencies that were part of the design plan of 
tiles for this particular kitchen. 

When we have completed our job, we will have uncovered some of 
the fundamental architectural principles that underlie the blueprints 
for this house, and (if we wish) we will be able to purchase the neces-

Figure 26.3. Power spectrum for kitchen tiles, in which most of the power (i.e., the 
square footage covered by tiles of each size) is at low spatial frequencies (big tiles): 
300 units of power for the one-tile-per-square-foot tiles, 50 units of power for the 
nine-tiles-per-square-foot tiles, and 20 units of power for the 144-tiles-per-square-foot 
tiles.
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sary supplies for building another kitchen exactly like the one we covet. 
What if we measured and computed the power spectrum and found lots 
of power at spatial frequencies of 144 per square foot (one-inch tiles), 
36 tiles per square foot (two-inch tiles), 16 tiles per square foot (3-inch 
tiles), 5.76 tiles per square foot (5-inch tiles), 2.94 tiles per square foot 
(7-inch tiles), and 1.19 tiles per square foot (11-inch tiles), but no 
power at any other spatial frequencies. We could reasonably conclude 
that the architect had imposed an idiosyncratic rule requiring that all 
tiles in this house must have lengths, measured in inches, that are 
prime numbers smaller than 12. Just as the power spectrum for this 
kitchen can reveal the architectural principles that guided the con-
struction of this house, our analysis of the power spectrum of the CMB 
has the potential to reveal information about the underlying physical 
principles (e.g., the amount of dark matter, the importance of dark en-
ergy) that guide the evolution of the universe.

One way, a very inefficient and time-consuming way, to obtain the 

Figure 26.4. Power spectrum for an entire house. In this house, tiles of every size, 
from one tile per square foot down to more than 100 tiles per square foot, have been 
used, but larger areas (i.e., power) of the house have been covered in tiles of certain 
sizes than other sizes. For example, very little power is found in the very largest tiles 
(one tile per square foot), an increased amount of power is found in intermediate-
sized tiles, while the greatest amount of power seen in two-inch-by-two-inch tiles 
(thirty-six tiles per square foot). This house also has a large amount of power (a 
secondary peak) in 1.5-by- 1.5 inch tiles (sixty-four tiles per square foot).
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the multipole moment parameter, we consider how to fit a set of spots 
around a circle at the equator of a sphere. If we fit only a few spots 
around that circumference, those spots could be large; if we wanted to 
fit more spots around that circumference, the spots would have to be 
smaller; hence the multipole moment is sensitive to both spot size and 
how often they appear (if l = 2, the spot pattern repeats about every 90 
degrees, if l = 3, the spot pattern repeats approximately every 60 de-
grees, and if l = 4, the spot pattern repeats nearly every 45 degrees). 
The CMB power spectrum looks very much like the power spectrum 
for our entire house. Very little power exists in the CMB in the largest 
spot sizes (the smallest values of the multipole moment); instead, most 
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Figure 26.5. The power spectrum of the cosmic background radiation obtained by the 
WMAP team from five years of data. The values plotted along the horizontal axis are 
equivalent to spot size in the CMB map, with small multipole moment values 
corresponding to large (many degrees across) spots and large multipole moment 
values corresponding to small (fractions of a degree) spots. We can think about the 
multipole moment as being proportional to the number of spots that could be fitted 
around the equator of a sphere. The the total amount of power in the map at each 
spot size is plotted along the vertical axis. The line through the data points is the 
WMAP team’s model fit for a universe with an age of 13.69 billion years. Image 
courtesy of the WMAP science team.
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compressing the lower-pressure regions next to it. Thus, any small dis-
turbance will generate a pressure wave—an endless cycle of compres-
sion followed by decompression followed by compression, and so on 
and on—that will propagate through the gas. Since a compressed vol-
ume of gas heats up and a rarefied volume of gas cools off, pressure 
waves necessarily also create regions of hotter (higher pressure, higher 
density) and cooler (lower pressure, lower density) gas. 

Pressure waves traveling through any kind of matter capable of com-
pression and rarefaction are known as sound waves because our ears 
can detect their presence in the air. But sound waves, of course, can 
exist even if no one with ears and eardrums is around to hear them.

Gravity also plays a subtle but important role in the propagation of 
sound waves in the early universe. A high-pressure region is denser and 
therefore contains more mass than a low-pressure region of the same 
size. The force of gravity, which is generated by both normal and ex-
otic dark matter, is therefore stronger in high-pressure regions than in 
low-pressure regions. The greater gravitational force acts to squeeze 
the high-pressure volume even harder than the pressure wave would 
squeeze it by itself, thereby enhancing its compression, making the 
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Figure 26.6. A pressure wave in a tube. High-pressure regions 
(C = compressed) alternate with low-pressure regions (R =rare-
fied). When the compressed regions expand, they will compress 
the rarefied gas regions. An initial disturbance at one end of the 
tube will compress the gas at that end. This disturbance will 
progress down the tube as a pressure (sound) wave.
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physics of the newborn universe. The power spectrum generated from 
analyzing the CMB map indicates that the entire universe was awash 
with pressure waves of different wavelengths (the fundamental tone 
plus many overtones) rolling through the universe at once. The differ-
ent spot sizes tell us the sizes of the waves coursing through the uni-
verse. The amount of power in each spot size tells us which spot sizes 
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Figure 26.7. Power at different sizes in the map of the CMB. The map of the CMB 
shows big sound waves (top, left) that appear as peaks (high-temperature regions) 
and troughs (low-temperature regions) on the CMB map and produce power at a 
low spatial frequency (top, right). The CMB map also shows intermediate-sized (top-
middle, left) and very small-sized (bottom-middle, left) sound waves, each producing 
power at a unique spatial frequency. The actual map of the CMB is a composite of 
waves of many different sizes (bottom, left), with a different amount of power at 
several spatial frequencies, as seen in the power spectrum.
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be in the form of dark energy, the energy that powers the accelerating 
universe (Chapter 21). 

The Age of the Universe from WMAP

Now all the puzzle pieces are in place. With Ω = 1, 72.1 percent of the 
energy content of the universe is in the form of dark energy (Ωde = 0.721), 
23.3 percent is in the form of weakly-interacting dark matter (Ωdm = 
0.233), and 4.6 percent is in the form of normal matter (Ωnm = 0.046). 
The distance across expanding space-time to the moment in the his-
tory of the universe when the CMB photons were released is 44 billion 
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Figure 26.8. Pie charts showing the relative proportions of the principle constituents 
of the universe today (left) and at the moment the CMB photons were released 
(right). As the universe has expanded, the density of the dark matter (63 percent 
down to 23 percent) and of the atoms (12 percent down to 4.6 percent) has 
decreased, since the number of those particles is essentially fixed while the volume of 
space has increased. Because photons and neutrinos lose energy as the universe 
expands, the energy densities of these particles decrease faster than the rate at which 
the matter density decreases. Together, photons and neutrinos contributed 25 percent 
of the total energy density of the universe 13.7 billion years ago, but today they 
contribute almost nothing. The dark energy density does not decrease at all, so over 
time it becomes more and more prominent as the other principle constituents of the 
universe decrease in energy. Whereas dark energy made virtually no contribution to 
the total energy density of the universe 13.7 billion years ago, it now dominates the 
universe. Image courtesy of NASA and the WMAP science team.
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clude that the Hubble constant-derived age of the universe is in the 
range from 11 to 15.5 billion years, which is consistent with the answer 
obtained from white-dwarf cooling times and turn-off points for stars 
in globular clusters. Now we have three different, completely indepen-
dent methods that place the age of the universe at about or a little 
more than 13 billion years, with strong evidence that an age of 13.5 to 
14 billion years is very likely. 

Finally, cosmologists have teased an estimate for the age of the uni-
verse out of our best maps of the cosmic microwave background, the 
remnant signal of the Big Bang. To do this, they must know the total 
energy content of the universe, which they obtain from measurements 
of the flatness of the universe, the current and past expansion rates of 
the universe, and the total amount of dark energy, dark matter, and 
normal matter. From all of these measurements, cosmologists calculate 
that the age of the universe is in the vicinity of 13.7 billion years. From 
these results, we can state with reasonable confidence that the age of 
the universe is likely between 13.5 and 14 billion years.

Now we have four independent methods for deriving an age for the 
universe, and all four yield a consistent answer. If the age derived by 
any one of these methods were presented by itself, we might reasonably 
wonder whether to believe the claim. Taken together, however, we 
now have extremely strong evidence that the universe is indeed 13.5 
to 14 billion years of age. This whole Big Shebang got started just a bit 
over 13.5 billion years ago. The trials and errors, painstaking observa-
tions and brilliant insights that have led to this answer amount to one 
of mankind’s the most impressive intellectual accomplishments.

TABlE 27.1. 
Scientific Measurements for the Age of the Universe

Technique Derived Age of the Universe

Cooling times for white dwarfs in Milky Way > 11–13 billion years
Absence of extremely cool, faint white dwarfs    < 15 billion years

Turn off-points for globular star clusters   13–14 billion years

Expansion rate of the universe 13.5–14 billion years

Cosmic background radiation power spectrum analysis 13.5–14 billion years




