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Main-Sequence Stars
and the Sun

Stars that are fusing hydrogen into helium in their cores are called main-sequence

stars. Because stars spend most of their lifetimes fusing hydrogen into helium,
most stars are main-sequence stars. The Sun, for example, is a main-sequence
star. Red giants (e.g., Aldebaran, the brightest star in the constellation of
Taurus) and white dwarfs (e.g., Sirius B, the small companion of the brightest
star Sirius) are examples of stars that are not main-sequence stars, and are
described in Chapters 8 and 9. The fusion reaction is the primary source of energy
in stars and will be discussed in Chapter 8.

Equilibrium of Stars
The lifetime of stars in the main-sequence depend on the properties of the star. The
Sun’s main-sequence lifetime is estimated at about 10 billion years. Approximately
4.5 billion of those years have already passed.
To remain stable for such a long time, stars must meet two equilibrium condi-

tions.

THERMAL EQUILIBRIUM
The energy produced by the fusion reaction at the core must balance the energy
loss through radiation at the surface of the star. Otherwise the star’s temperature
would not be stable. At the high temperatures of the stellar core, hydrogen atoms
are completely stripped of their electrons and the material becomes a plasma. For
the fusion reaction to occur, the fusing nuclei (which are positively charged) must
have enough energy to overcome their mutual electrostatic repulsion. The rate of
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the fusion reaction increases with increasing temperature and pressure of the core.
The hydrogen fusion reaction is discussed in more detail in Chapter 8.

HYDROSTATIC EQUILIBRIUM
The internal pressure of the star must balance the gravitational force. Otherwise
the star would either collapse or fall apart. The gravitational force, which tends to
collapse the star, is stronger the more massive the star. Therefore, stars with larger
mass have higher internal pressures and higher fusion rates and surface tempera-
tures. The ideal gas law (see Chapter 1) describes the behavior of main-sequence
stars. Collapse of the star decreases the volume and, as a result, the temperature
and the gas pressure increase. In addition to the gas pressure, the energy created by
the fusion reaction at the core is carried outward by photons. The escaping
photons collide and push the overlaying material outward, resulting in an outward
pressure. This is the radiation pressure, which also counteracts the gravitational
collapse.

Observable Properties of Stars

THE DISTANCES OF STARS
As the Earth orbits the Sun, nearby stars appear to change their location in the sky
relative to the more distant stars (see Fig. 7-1). This is called parallax. From the
small angle equation (Chapter 1), we have

p ¼ 206,265 D
d

where D is the Earth–Sun distance (1 AU), d is the distance to the star, and p is the
parallax angle in arcseconds ( 00). One parsec (pc) is 206,265 AU, and the distance
in parsecs is given by

dðpcÞ ¼ 1

pð 00Þ

The largest parallax known is that of Proxima Centauri, which has a parallax of
0.76 00. At present, parallax angles can be measured to an accuracy of 0.001 00.
Therefore, the use of the parallax method to determine star distances is reliable
for nearby stars only.
Astronomers have found parallax distances to about 400 stars that are accu-

rate to about 1%. Distances to 7,000 stars are known to better than 5% accu-
racy, and the distances to most stars within 200 pc of the Sun are quite well
determined.
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THE BRIGHTNESS OF STARS
Apparent brightness is a term used to indicate how bright a star appears to an
observer on Earth. The brightness of a star is usually measured (at least in the
visible and the infrared) using the magnitude scale. The star Vega has magnitude 0,
by definition. Fainter stars have larger magnitudes, and brighter stars have smaller
magnitudes. Stars fainter than Vega have positive magnitude. Stars brighter than
Vega have negative magnitudes. Each increase in magnitude corresponds to a
decrease in brightness by a factor of 1001=5 � 2:5 (so that an increase of five
magnitudes corresponds to a decrease in brightness of 100). The magnitudes can
be used to compare the apparent brightnesses of two stars. For two stars of
magnitudes m1 and m2 and apparent brightnesses b1 and b2, respectively, we have

b1
b2

¼ 2:5m2�m1 ¼ 100ðm2�m1Þ=5

An intrinsically bright star may appear fainter than an intrinsically dim star if it
is much farther away. The intrinsic brightness of a star is called the luminosity, L.
From the inverse square law (Chapter 1), we have

b / L

d2

where b is the apparent brightness and d is the distance to the star.
We define absolute magnitude as the apparent magnitude of a star at a distance

of 10 pc. Again, an increase of one magnitude corresponds to a decrease in bright-
ness of 2.5. The relationship between apparent magnitude, m, absolute magnitude,
M, and distance, d, in parsecs, is given by

m ¼ M þ 5 log d

10

� �

This equation can be inverted to give the distance in parsecs, provided that both
the absolute and the apparent magnitudes are known,
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d ¼ 10ðm�Mþ5Þ=5

The luminosity of a star is the power emitted by the surface of the star at all
wavelengths. Luminosity is measured in watts or joules/sec. Assuming that the star
emits like a blackbody, we can obtain L as the product of the surface area (4�R2)
times the power emitted per unit area (using the Stefan-Boltzmann law from
Chapter 1):

L ¼ 4�R2�T4

Thus, the luminosity increases with the size and the temperature of the star.

THE MOTION OF STARS
Proper motion refers to the slow motion of stars with respect to other, presumably
more distant, stars. The star with the largest proper motion in our sky is Barnard’s
star, which moves only 10.25 00 per year (1 degree per 350 years). Most stars move
much less than Barnard’s star. The velocity of a star has two components: the
radial velocity, vr, and the tangential velocity, vt.
The radial velocity of a star is measured from the Doppler shift of the emission

or absorption lines, as described in Chapter 1. The tangential velocity is obtained
by multiplying the proper motion times the distance of the star. The total velocity
of the star, with respect to the Sun, is

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2r þ v2t

q

THE TEMPERATURE OF STARS
Studies of the absorption lines in star spectra allowed the grouping of similar stars
together. The spectral classification led, as our understanding has increased, to a
scheme in which stars are ordered by their surface temperature. The spectral
classes, from hottest to coolest are: OBAFGKM. O stars are the hottest stars
and M stars are the coolest stars.
Each spectral class is divided into 10 subclasses, 0–9. An O0 star is the hottest,

followed by an O1, O2, etc. O9 is just a little bit hotter than a B0, and so on. Most
stars can be classified in this way. Table 7-1 gives spectral characteristics.
The dominant color of the star is related to the temperature of the photosphere

(the light-emitting layer) by Wien’s law (see Chapter 1) and provides a method to
determine the star’s surface temperature. The spectral features in the classification
scheme arise from absorption of the blackbody (continuous emission spectrum)
from the star’s photosphere by atoms and molecules in the outer layer (the chro-
mosphere) of the star. The lines of interest in this classification scheme belong to
the visible part of the spectrum (380–750 nm).
A key element in understanding the spectral behavior is that the electrons in the

atom can absorb energy and move to a higher energy level. The amount of energy
required to move an electron from the ground state to the first excited state is
much larger than the energy required to move from the 1st excited level to the 2nd,
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and as a rule the energy steps decrease very rapidly for higher excitations. For
example, in the hydrogen atom, the transition from ground state to 1st excited
level requires an ultraviolet (UV) photon, from the 1st to 2nd a visible photon, and
from 2nd to 3rd an infrared (IR) photon. In our classification scheme, only the 1st
to 2nd transition in hydrogen will be relevant. The variation of the prominent
absorption lines in the visible part of the spectrum with spectral class, and their
relation to the surface temperature of the star is as follows.

Hydrogen Balmer lines. Absorption lines caused by hydrogen atoms that are
initially in the first excited state (see Chapter 1) are referred to as Balmer lines.
At low surface temperatures, most of the hydrogen atoms are in the ground state,
therefore the Balmer lines are weak. As the temperature increases from M through
A spectral classes, more and more hydrogen atoms exist in the first excited state,
and the strength of the Balmer lines increases. As the temperature further
increases, from B to O, more and more hydrogen atoms are excited to the second,
third, etc., excited states, and the atoms in the first excited state become fewer.
This leads to the progressive weakening of the Balmer lines. Above 12,000 K, most
hydrogen atoms become ionized, and have no electron to absorb light.

Helium lines. The energy required to excite a helium atom from the ground state
to the first excited state is very large, and requires UV photons, rather than visible
photons. At temperatures above 10,000 K, the thermal energy can excite helium
atoms to the first excited state. Excited helium atoms can absorb visible photons
and move to a higher excitation state. At higher temperatures, more helium atoms
exist at higher excitation states, and the energy required for further excitations is
low, requiring IR photons. Thus, the neutral helium lines weaken from classes B to
O. However, at the high temperature of the O stars, the thermal energy can ionize
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Table 7-1. Characteristics of stars of different spectral classes

Class Color

Surface

temperature (K) Prominent absorption lines

O Blue >25,000 Ionized helium lines; weak hydrogen Balmer
lines; lines of multiply ionized atoms (O, N,

C)

B Blue 11,000–25,000 Neutral helium lines; strong hydrogen Balmer

lines

A Blue–white 7,000–11,000 Very strong hydrogen Balmer lines

F White 6,000–7,500 Ionized calcium (CaII) lines; strong hydrogen
Balmer lines

G Yellow 5,000–6,000 Strong CaII lines; weak hydrogen Balmer lines;
lines of neutral metals

K Red–orange 3,500–5,000 Weak CaII lines; lines from molecules

M Red <3,500 Lines of neutral elements; strong lines from
molecules.



the helium atom. The remaining electron is more tightly bound to the two positive
charges at the nucleus, and the transition to the first excited state requires UV
photons. However, at high temperatures the thermal energy is enough to excite the
remaining electron to a higher energy level, from which successive transitions to
higher levels may be accomplished by absorption of visible photons. O stars often
exhibit ionized-helium absorption lines.

Lines from other ions and neutral atoms. In atoms with three or more electrons,
each electron experiences attraction by the positive nucleus, and repulsion from
the other electrons. When the atom becomes ionized, the remaining electrons are
held more tightly, and the energy required for the excitation step is higher, com-
pared with the corresponding steps in the neutral atom. Most elements will readily
ionize at the high end of the temperature range of G stars; therefore, absorption by
neutral atoms is absent in types G through O. In ions, such as CaII, the transition
from the ground state to the first excited state will require UV photons. However,
as in the case of helium, thermal energy could excite the outer electron to a higher
energy level, from which successive transitions to higher levels may be accom-
plished by absorption of visible photons. At higher temperatures, the CaII lines,
for example, disappear because the thermal collisions excite the electrons to higher
energy states, and the amount of energy required for subsequent excitations is
small. This happens to CaII as the temperature increases from F through A types.
At even higher temperatures, the thermal energy can cause multiple ionizations,
and the pattern repeats.

Lines from molecules. These lines are observable in K stars or cooler, because the
thermal energy of hotter spectral types is sufficient to overcome the chemical bond
that holds the atoms together in the molecule.

THE SIZE (RADIUS) OF STARS
Two properties of a star contribute to its luminosity: the temperature and the size.
Hot stars are brighter than cool stars of the same size. Large stars are brighter
than small stars of the same temperature. Sometimes a large cool star is brighter
than a small hot one. The luminosity class is a way of talking about the radius.
There are five luminosity classes, labeled by Roman numerals:

I. Supergiants

II. Bright giants

III. Giants

IV. Subgiants

V. Main-sequence dwarfs

The vast majority of stars are dwarf stars. Our Sun is a dwarf star, and if we
wanted to describe it in astronomical nomenclature, we would call it a G2V star.
Its spectral class is G2, and its luminosity class is V. Be careful not to confuse type
V main-sequence stars with white dwarfs, which are much smaller. White dwarfs
will be discussed in Chapter 9.
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THE MASS OF STARS
There is a wide variation in the mass of stars. The smallest stars have masses of
about 0:08MSun. Objects less massive than this never begin hydrogen fusion, and
so are never technically considered stars. Objects just below the cutoff often emit
energy produced by gravitational collapse, and are called brown dwarfs. These
objects are brightest in the infrared. The most massive stars known (for example,
Eta Carinae) are as large as 150MSun.
In general, more massive main-sequence stars are larger (this rule does not

necessarily apply to stars that are not main-sequence stars). Also, more massive
stars have higher gravity, causing higher temperature and pressure in the core,
which speeds the hydrogen fusion reaction. More massive stars produce more
energy and are hotter. Since the radius is related to the luminosity, and the
mass of the star governs the rate of energy production, there is a mass–luminosity
relationship for main-sequence stars:

L

Lsun
¼ M

Msun

� �3:5

where L is the luminosity of the main-sequence star, LSun is the luminosity of the
Sun, M is the mass of the main-sequence star, and MSun is the mass of the Sun.

THE MAIN-SEQUENCE LIFETIME OF STARS
Once hydrogen burning begins in the core of a protostar, it becomes a main-
sequence star. The main-sequence (hydrogen-burning) phase is by far the largest
fraction of a star’s lifetime, and therefore most stars observed in the sky are main-
sequence stars. During this time, stars burn quietly, and change slowly.
The length of time a star remains on the main-sequence depends on the mass.

High-mass stars burn hot and die young. This is because when the mass is higher,
there is more gravity, and the pressures and temperatures inside the star are
higher, which enhances the rate of hydrogen fusion. The relationship between
main-sequence lifetime, t, and mass,M, of a star can be expressed mathematically
as

t

tSun
¼ M

MSun

� ��2:5

where tSun is the main-sequence lifetime of the Sun and MSun is the mass of the
Sun. The Sun’s main-sequence lifetime is estimated to be 10 billion years. A star 10
times as massive as the Sun has a main-sequence lifetime of only 30 million years.
A star 0.1 times as massive as the Sun has a main-sequence lifetime of 3 trillion
years.
As stars begin to use up their hydrogen, they increase in size; however, the

surface temperature does not change nearly as much. As the radius increases, the
luminosity increases as the square of the radius. For example, during the next
5 billion years, the Sun will increase in luminosity by about 60%.
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THE COMPOSITION OF STARS
Observations of spectral lines allow us to determine the composition of stars from
the relative strengths of different elemental lines. All stars are primarily composed
of hydrogen, with helium the next most abundant element. The abundance of an
element in a star generally decreases as you move through the periodic table of the
elements.

Solved Problems

7.1. Observations of a star show the hydrogen lines shifted from 486:1� 10�9 m to
485:7� 10�9m. Is the star approaching or receding? How quickly?
Because the stellar lines are shifted to be of shorter wavelength than the reference lines, they

are bluer than they should be. This means that the star is approaching. To find out how

quickly, use the Doppler equation:

v

c
¼ ��

�0

v ¼ 0:4� 10�9
486:1� 10�9 � 3� 10

8 m=s

v ¼ 247,000m=s
v ¼ 247 km=s

7.2. The luminosity of the Sun is 3:8� 10�26 watts. How much energy is released after
10 billion years? How much energy is produced in the gravitational contraction of
the Sun? Compare these two numbers. Is it reasonable to expect that most of the
energy released by the Sun might have come from gravitational contraction?

The luminosity � the time gives the energy released (in joules):

E ¼ L � t
E ¼ ð3:8� 1026 J=sÞ � 1� 1010 yr � 3:16� 107 s=yr
E ¼ 1:2� 1044 J

The amount of energy produced by the collapse of a nebula into a star of massM and radius

R is approximately
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E ¼ GM2

R

E ¼
6:67� 10�11 m3

kg � s2 � 2� 10
30 kg

� �2
7� 108 m

E ¼ 3:8� 1041 J

This is a factor of 1,000 less than the energy released by the Sun over its entire lifetime.
Gravitational collapse could not be the main source of the energy released by the Sun.

7.3. Figure 7-2 shows a star field containing Barnard’s star, the highest proper motion
star known. Indicate which star is Barnard’s star.

7.4. Parallax is observed as a change in the location of a star relative to the background
stars. So is proper motion. Describe how to make an observation of proper motion
which includes no parallax, and how to correct for proper motion in a determina-
tion of parallactic distance.

To determine the proper motion of a star with no parallactic complications, simply observe
the star at the same time of year every year. Since the Earth is always on the same side of the
Sun at the same time of year, there is no parallax.

To correct for proper motion when determining the parallactic distance, first find the
proper motion by the method above, then subtract this from the parallax that you have
determined.

7.5. Suppose a star has a proper motion of 4 00/year, a distance of 2.4 pc, and a radial
velocity of 80 km/s. How fast is this star actually traveling through space? Is this
fast or slow, compared with the motion of objects on the Earth?

First, convert the proper motion to an angular velocity in 00/s.
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4=yr � 1 yr

3:16� 107 s ¼ 1:26
�7 00=s

Now convert this angular velocity to a linear velocity using the small angle equation.

vpm ¼ � �D
206,265

vpm ¼ 1:26� 10
�7 � 2:4 � 3� 1016 00=s �m
206,265

vpm ¼ 44,000m=s ¼ 44 km=s
Finally, combine this proper motion in m/s with the radial velocity using the Pythagorean
theorem to get the space velocity.

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2pm þ v2r

q
V ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
442 þ 802

q
V ¼ 91 km=s

This is quite fast compared with most Earth-bound objects.

7.6. Stars move, but the Earth also moves. It rotates on its axis and orbits the Sun. Do
these motions contribute to determinations of the radial motion of a star? If so,
how might you correct for them?

Yes, these motions do contribute to the determination of the radial motion of stars. One way

to correct for this is to always measure the radial motion when the star is close to the
meridian. When this is true, all the motion due to the rotation of the Earth is perpendicular
to the radial motion of the star. The velocity of the Earth around the Sun is very well known,
and easily calculated from the size of the orbit and the length of a year.

7.7. What is the difference between absolute and apparent magnitude?

The absolute magnitude sets all the stars at the same distance and so is a measure of the

intrinsic brightness. The apparent magnitude is a measure of how bright it appears to be,
given that it may be closer or farther than 10 pc from the Sun.

7.8. How much brighter is a star of first magnitude than a star of fifth magnitude?

b1
b2

¼ 2:5m2�m1

b1
b2

¼ 2:55�1

b1
b2

¼ 2:54 ¼ 39

A first-magnitude star is 39 times brighter than a fifth-magnitude star.

7.9. Given an absolute magnitude of 3.0, find the apparent magnitude at a distance of
5 pc, 10 pc, 15 pc, 20 pc, 50 pc, and 100 pc. Plot these data (Fig. 7-3). How far away
must the star be to have an apparent magnitude of 5.0?
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m ¼ M þ 5 log dðpcÞ
10

� �

mpc ¼ 3þ 5 log
5

10

� �
¼ 1:5

m10pc ¼ 3þ 5 log
10

10

� �
¼ 3

m15pc ¼ 3þ 5 log
15

10

� �
¼ 3:9

m20pc ¼ 3þ 5 log
20

10

� �
¼ 4:5

m50pc ¼ 3þ 5 log
50

10

� �
¼ 6:5

m100pc ¼ 3þ 5 log
100

10

� �
¼ 8

From the plot, we can see that a third-magnitude star would need to be at a distance of about

25 pc to have an apparent magnitude of 5.

7.10. Which has the hotter core, a 10MSun star or a 1MSun star? Why?

The 10MSun star has the hotter core. Because there is more mass, the gravitational pressure
on the core is higher. This means that the temperature must be higher, which means that
hydrogen fuses to helium faster, which means more energy is produced. This increased
energy production also contributes to the increase in temperature inside the Sun.

7.11. Place the following spectral types in order of temperature: A, B, F, G, K, M, O

O, B, A, F, G, K, M

Hot Cool

7.12. On the chart (Fig. 7-4), label the region where you would expect to find large cool
stars, small cool stars, and tiny hot stars.
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7.13. What is the main-sequence lifetime of a 15 MSun star?

t

tSun
¼ M

MSun

� ��2:5

t ¼ tSun �
M

MSun

� ��2:5

t ¼ 1� 1010 � 15MSun

MSun

� ��2:5

t ¼ 1� 1010 � 15ð Þ�2:5
t ¼ 1:15� 107 yr
t ¼ 11:5 million years

The lifetime of a star 15 times as massive as the Sun is almost a thousand times shorter.

7.14. Derive an age–luminosity relationship for main-sequence stars.

t

tSun
¼ M

MSun

� ��2:5

L

LSun
¼ M

MSun

� �3:5

Inverting the second equation gives

M

MSun

¼ L

LSun

� �1=3:5

Substituting this back into the first equation gives

t

tSun
¼ L

LSun

� �1=3:5 !�2:5
¼ L

LSun

� ��0:7

CHAPTER 7 Main-Sequence Stars and the Sun136

Fig. 7-4. A plot of the relative locations of large cool stars,
small cool stars, and small hot stars.



For main-sequence stars, the main-sequence lifetime is inversely proportional to the lumin-
osity. This is sensible, because the luminosity indicates how quickly fuel is being burned

inside the center of the star. A higher luminosity results in a shorter lifetime.

The Sun
The Sun is a star like many other stars in the sky, but much closer. Because it is so
close, we know far more about this star than about any other. Only on the Sun can
we see the surface in detail, and begin to understand what processes might be
operating in the deepest regions. It is slightly smaller than the average star, but
otherwise completely ordinary.

GENERAL STRUCTURE
The general structure of the Sun is shown in Fig. 7-5. In terms of distance from the
center, the central 25% of the Sun is actively producing energy by nuclear burning.
Outside of this is the radiative zone, which extends to 70% of the Sun. In this
radiative zone, energy produced by nuclear fusion is carried outwards by photons.
The outer 30% of the Sun is the convective region, where energy is carried out-
ward by hot gas. It takes about 170,000 years for light produced in the center of
the Sun to make its way out to the surface. This means that we cannot directly
observe what’s happening in the center of the Sun now from light.

SOLAR NEUTRINOS
The fusion of hydrogen into helium produces a particle called a neutrino. These
particles barely interact with ordinary matter, and have a very small mass. They
travel outwards through the Sun in about 2 seconds, and in an additional
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Fig. 7-5. The structure of the Sun.



8 minutes get to the Earth. Observations of solar neutrinos tell us about the current
state of the interior of the Sun. Observations of these neutrinos show that there are
roughly 1/3 as many of them as theory predicted. This is a very significant question
in astrophysics, and the answer may be as simple as a misunderstanding of how
many types of neutrinos exist, or as complex as a misunderstanding of how fusion
works.

THE PHOTOSPHERE
The photosphere is the apparent surface of the Sun. At the bottom of the photo-
sphere, the gas is very dense—so dense that light cannot escape. Outside of this,
the density falls off by 50% every 100 km. In a very short distance, the gas is so
diffuse that it no longer produces enough light to be seen. All of the light comes
from a layer about 200 km thick, which is about 0.03% of the Sun’s total radius.
When all the visible light from the photosphere is observed at once, it looks

grainy, like the surface of a basketball. This is called granulation (Fig. 7-6). This
grainy appearance is caused by convection from deeper layers of the Sun. The hot
bright material wells up to the surface, and spreads out, then cools and darkens,
and falls back to the interior of the Sun. Each of these granules is about 1,000 km
across, and lives for only about 15 minutes. Most granules simply fade, but some
seem to explode, and push all the other granules about.

On a larger scale is a pattern called supergranulation. Each supergranule is
about 30,000 km across, and contains hundreds of granules. These are the top
of convective regions that probably extend all the way to the bottom of the
convective zone. These supergranules typically last about 1 day.
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SUNSPOTS
Sunspots are dark marks on the photosphere of the Sun. Often, groups of small
spots will merge to form large spots, which can be as large as 50,000 km across
(four times the diameter of the Earth), and last for months. The inner, dark part of
a sunspot is called the umbra. Around this is the penumbra. The region surround-
ing a cluster of sunspots is called an active region.
Observations of sunspots can be used to find the rotation period of the Sun. The

Sun does not have a single rotation period, but instead rotates at different speeds
depending on the solar latitude. Near the equator, the rotation period is about 25
days. Near the poles, it is longer—about 36 days.
Sunspots are dark because the umbra is about 2,000 K cooler than the rest of

the photosphere. Sunspots are not actually dim, however. A sunspot against the
night sky would appear about 10 times as bright as the full moon. Sunspots only
seem dim because the rest of the Sun is so bright.
Sunspots are regions of strong magnetic fields. These magnetic fields trap the

particles that have bubbled up to the surface by convection. These particles can’t
cross the magnetic field lines, and so they can’t move out of the way to allow new
hot material to bubble up. The particles cool off, and therefore darken, but remain
in place.
The magnetic field comes out of the Sun at one location, and goes back into the

Sun at another. This means that sunspots always come in pairs. One spot will have
north polarity like the north pole of a bar magnet, and the other will have south
polarity.

THE SUNSPOT CYCLE
Daily records of the number of sunspots on the Sun have been kept since about
1850. Other records exist (not daily ones) back to about 1610. Figure 7-7 shows
the number of sunspots over time.

The number of sunspots rises and falls quite regularly, with a cycle of about 11
years. The low numbers of sunspots found around 1800 and 1900 imply that there
might be another cycle about 100 years long.
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Particularly interesting is a lack of sunspots between 1640 and 1700. This is
called the Maunder Minimum, and coincided with a time of very cold climate in
North America and Western Europe, known as the Little Ice Age. It is not clear
that the two things are related, but it is a possibility.
Not only the number but also the location of sunspots varies over the cycle.

Sunspots appear about 30 N or S of the solar equator at the beginning of the cycle,
and gradually migrate toward the equator near the end of the cycle. This pattern
yields the famous ‘‘butterfly diagram,’’ shown in Fig. 7-8.

The differential rotation of the Sun causes the magnetic field lines to become
twisted tightly around the Sun. Eventually, the lines become so tightly twisted that
they poke through the surface. The pairs of sunspots migrate—each sunspot in
opposite directions—and eventually flip the magnetic field of the Sun. This causes
the polarity of the sunspots to reverse in each cycle.

PROMINENCES AND FLARES
During most total solar eclipses, bright clouds of gas can be seen rising 50,000 km
or more from the photosphere (Fig. 7-9). These are called prominences, and some-
times last for 2–3 months. When prominences are seen against the surface of the
Sun, they are called filaments, because they appear in projection as long thin
strands.
Prominences are cooler than the photosphere. Usually, prominences rise up

through the outermost layers of the Sun until they burst open, and fling mass
out into space. These blasts can be traveling as fast as 1,000 km/s. This is called a
coronal mass ejection, and there are one or two of these each day on average.
Solar flares are much more energetic and massive than prominences. These take

place in active regions when the magnetic field structure changes abruptly. Large
numbers of ions and electrons go flying through the corona, heating the gas, and
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Fig. 7-8. The butterfly diagram. At the beginning of each cycle, the spots are located far from

the solar equator. As the cycle progresses, the spots form closer to the equator.
(Courtesy of NASA/YOHKOH.)



causing it to radiate brightly, mostly in X-rays and ultraviolet light. When this
radiation intersects the Earth, it interacts with our ionosphere, disrupting long-
range radio communication.

THE CHROMOSPHERE
Just above the photosphere lies the chromosphere, a very thin atmosphere around
the Sun. Only about 10�12% of the Sun’s mass is in the chromosphere, and so it is
transparent to all wavelengths. A very few strong absorption lines can be
observed, such as H-alpha. The chromosphere is ragged in structure. This is
caused by spicules, or hot jets of gas that shoot upward from the surface at
about 50,000 miles per hour. Each of these lasts about 5 minutes. These cover a
few percent of the Sun’s surface, as shown in Fig. 7-10, in which the dark, linear
structures are the spicules.

Spicules always lie along the magnetic field lines of the Sun, and can be a good
indicator of the direction of the magnetic field in a given location on the Sun.
Other than spicules, the chromosphere is pretty much empty.
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Fig. 7-9. Solar prominence on the limb of the Sun.
(Courtesy of NASA.)

Fig. 7-10. Spicules in the chromosphere. (Courtesy of
NASA.)



THE CORONA
Above the chromosphere is the corona (Fig. 7-11), a blue haze easily observed
around the disk of the Moon during a solar eclipse. Much of the light in the
corona was produced by the photosphere, and then scattered towards us by the
electrons in the corona. Some of it comes from highly ionized atomic transitions.
The temperature of the corona is very high, more than 1 million K. The transition
between the cool chromosphere (5,000K) and the superheated corona is abrupt;
only a few thousand kilometers separate the two regions.

One explanation for the high temperature of the corona is that the magnetic
field interactions heat the particles. Another possibility is that only the electrons
that have enough energy to get out of the chromosphere produce the corona.
In an X-ray picture of the corona (Fig. 7-12), locations where there is almost no

corona at all are shown: these are coronal holes. The bright parts are places where
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Fig. 7-11. An optical image of the solar corona. An
opaque disk was used to block the light of
the photosphere, so that the corona would
be visible. (Courtesy of NASA.)

Fig. 7-12. An X-ray image of the solar corona, showing
coronal holes. (Courtesy of NASA.)



the magnetic field has trapped hot material, which occurs mostly over active
regions.

THE SOLAR WIND
The corona is constantly losing gas into the solar system, and this material is called
the solar wind. It flows away from the Sun at about 450 km/s, and takes 4 days to
reach the Earth. TheVoyager and Pioneer spacecraft have shown that the solar wind
continues to move outward to more than 50 AU from the Sun. The edge of the solar
wind is estimated to be at about 100 AU. This ‘‘boundary’’ is called the heliopause
and indicates the end of the Sun’s direct influence on its environment. Outside of this
boundary, the only effect the Sun can have is via the light that it produces.

HELIOSEISMOLOGY
Helioseismology is the study of the oscillations of the Sun through Doppler shifts
in the photosphere. This is just like studying earthquakes on the Earth (see
Chapter 3). Observations of seismic waves on Earth have told us about the
Earth’s interior, and observations of seismic waves on the Sun are telling us
about the Sun’s interior. As on the Earth, short-wavelength vibrations sample
the surface, and long-wavelength vibrations sample the depths. Carefully analyz-
ing the periods of these vibrations reveals the temperature and composition of the
inner layers of the Sun.

Solved Problems

7.15. The total luminosity of the Sun is 4� 1026 watts. Calculate the total number of
watts that fall on a 1 m2 sheet of paper on the Earth’s surface. (Recall the inverse
square law.) Compare this number to the power output of a standard light bulb.

The total luminosity of the Sun is the amount of light emitted by the entire surface area of

the Sun. This means that the flux here at Earth is the total power of the Sun, divided by the
surface area of a sphere the size of the Earth’s orbit:

f ¼ 3:80� 10
26 W

4�ð1AUÞ2

f ¼ 3:80� 1026 W
4�ð1:50� 1011 mÞ2

f ¼ 1,350W=m2
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The total amount of power incident on a 1m2 piece of paper is 1,350W. This calculation
ignores atmospheric opacity, which removes most of the high-energy flux, and much of the

infrared flux. The energy flux is equivalent to the energy detected about 7 cm from the
filament of a 100 W light bulb.

7.16. Examine Fig. 7-8. What is the period of sunspot activity (how long between max-
ima)? When is the next solar maximum? When is the next solar minimum?

The period of sunspot activity is 11 years. The last solar maximum was in the year 2000, and
so the next solar maximum will be in 2011. The next solar minimum is in 2005.

7.17. Why does the Sun appear to have a sharp edge?

The Sun appears to have a sharp edge because it goes from being opaque to being completely
transparent in only a few hundred kilometers. This is such a small fraction of the size of the

Sun that it appears to be instantaneous.

7.18. What causes sunspots?

Magnetic field lines trap material which has been convected to the surface. This trapped

material cools, and becomes darker than the surrounding material, causing a ‘‘spot,’’ that
persists for many days.

7.19. How hot (approximately) is the penumbra of a sunspot?

The umbra of a sunspot is about 3,000K. The photosphere is about 5,000K. The penumbra
is about halfway between the two in brightness, and so is probably about 4,000K.

7.20. The mass loss rate of the Sun is about 3� 10�14MSun=yr. How much mass is
intercepted by the Earth each day? (For simplicity, assume the mass loss is sphe-
rical.)

To solve this problem we must know what fraction of the solar wind is intercepted by the
Earth’s area. In other words, how big is the disk of the Earth compared with a sphere of

radius 1 AU?

AEarth
Asphere

¼ � � R2Earth
4� � R2sphere

AEarth
Asphere

¼ ð6� 106 mÞ2
4ð1:5� 1011 mÞ2

AEarth
Asphere

¼ 4� 10�10

This is the fraction of the wind that will be intercepted by the Earth.

M ¼ 3� 10�14 MSun

yr
� 4� 10�10

M ¼ 1:2� 10�23 MSun

yr

Now, convert years to days:

M ¼ 4:4� 10�21 MSun

day
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Finally, convert to kg from solar masses:

M ¼ 8:8� 109 kg
day

Nearly 9 billion kilograms of mass are intercepted by the Earth each day!

7.21. Calculate the percent change in your weight each day due to the increase of the
Earth’s mass because of the solar wind.

The force of gravity (weight) is given by

F ¼ GmM

R2

In this problem, all of the terms on the right-hand side remain constant except M, the mass

of the Earth.

Fday2
Fday1

¼
GmMday2

R2

GmMday1

R2

Fday2
Fday1

¼ Mday2

Mday1

Fday2
Fday1

¼ Mday1 þ 8:8� 109 kg
Mday1

Fday2
Fday1

¼ Mday1

Mday1

þ 8:8� 10
9 kg

Mday1

Fday2
Fday1

¼ 1þ 8:8� 10
9

6� 1024
Fday2
Fday1

¼ 1þ 1:5� 10�15

Your weight is increased by 0.000000000000015% each day due to the increase of the mass of

the Earth from intercepted particles in the solar wind. The 8.8 billion kilograms of material
landing on the Earth each day has very little effect on anything at all.

7.22. What is the difference between a sunspot and an active region?

A sunspot is a particularly cool location on the Sun, where the magnetic field traps upwelling
material. An active region is the area surrounding a collection of sunspots, where the mag-

netic field is strong. One way to say this is that the sunspots are the symptoms of the active
region.

7.23. Figure 7-13 shows two images of the Sun, taken x days apart. What is the rotation
period of the Sun (at the equator)?

Using a ruler, find the diameter of the Sun and the horizontal distance from the limb of the
central bright spot in each image:

DSun ¼ 4:5 cm
Xday1 ¼ 2 cm
Xday2 ¼ 2:5 cm
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From the diameter, we can calculate the circumference of the Sun in these images:

C ¼ 2�R
C ¼ �D

CSun ¼ 14:14 cm
Dividing the circumference by the speed of the spot (number of cm/day the spot has moved)
gives the rotation period in days:

P ¼ 14:14 cm
0:5
cm

day

P ¼ 28 days
This is in fairly good agreement with the accepted equatorial rotation period of the Sun (25

days). The measurement technique is crude, and uses small images, which can’t be measured
better than about 0.1 cm, since the spots are extended, and the limb of the Sun is not sharp. If
we had measured a change in location of 0.6 cm/day, the rotation period of the Sun would be

23.6 days, implying an error in our measurements of about 16%. This is ‘‘good agreement’’
in most astronomical situations.

7.24. What is the absolute magnitude of the Sun? (The apparent magnitude is �26.5.)

m ¼ M þ 5 log dðpcÞ
10 pc

� �

M ¼ m� 5 log dðpcÞ
10 pc

� �

M ¼ �26:5� 5 log 1=206,265
10

� �
M ¼ 5:1

The absolute magnitude of the Sun is 5.1. This is brighter than the naked-eye limit. If we
were 10 pc from the Sun, it would appear as another unremarkable point of light in the sky.
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Fig. 7-13. Two pictures of the Sun, taken 1 day apart.



7.25. If you were to move to Europa, how large would the Sun be in your sky?

The distance from Jupiter (and therefore Europa, approximately!) to the Sun is 5.2 AU. The
diameter of the Sun is 1:4� 109 m. Using the small angle formula (see Chapter 1),

d

D
¼ �

206,265

� ¼ 206,265 � d
D

� ¼ 206,265 � 1:4� 109
5:2 � 1:5� 1011

� ¼ 370 00
� ¼ 0:18

This is about 1/5 the size of the Sun as viewed from Earth.

7.26. Assume that the Sun has been producing the same wind since it began burning
hydrogen (about 4.5 billion years ago). How far has the initial wind traveled? When
did the solar wind reach Alpha Centauri? (Assume the wind remains at the same
velocity always!)

The solar wind travels at about 450 km/s; so in 4.5 billion years it has traveled

d ¼ v � t
d ¼ 450 km=s � 4:5� 109 yr � 3:16� 107 s=yr
d ¼ 6:4� 1019 km
d ¼ 4:3� 108 AU

If we could travel amongst the stars, we would be able to find particles from the solar wind
430 million AU away.

Alpha Centauri is located 1.33 pc away, or 3:9� 1013 km. At 450 km/s, it would take the
solar wind

t ¼ d=v

t ¼ 3:9� 10
13 km

450 km=s

t ¼ 8:7� 1010 s
t ¼ 2,700 yr

to reach Alpha Centauri. Particles from the Sun may have reached Alpha Centauri fewer
than 3,000 years after the wind began.

7.27. Determine the kinetic energy (KE) of a single proton in the solar wind. How does
this compare with the energy of an X-ray or gamma-ray?

The kinetic energy of a particle is given by

KE ¼ 1
2
mv2

KE ¼ 1
2
� 1:7� 10�27 kg � 450,000m=sð Þ2

KE ¼ 1:7� 10�16 J
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An X-ray has a frequency of about 1018 Hz. The energy of a photon is given by

E ¼ h � f
E ¼ ð6:626� 10�34 W � s2Þ � 1018 Hz
E ¼ 6:626� 10�16 J

This is only a factor of about three larger than the kinetic energy of the proton! Protons in
the solar wind have enough energy to disrupt cells and cause mutations. Fortunately, the
Earth is surrounded by a magnetic field that helps to protect us from these high-velocity
charged particles.

7.28. How many people are required to fill the volume of the Earth? How many Earths
are required to fill Jupiter? How many Jupiters are required to fill the Sun? How
many Suns are required to fill the solar system? (Assume all of these solar system
objects are spherical.)

First, estimate the volume of a person. Assume a person is 1.5 m tall, 0.3 m wide, and 0.2 m
thick. Therefore the volume of a typical person is about 0.1 m3. The volumes of the solar
system objects are

V ¼ 4
3
� � R3

VEarth ¼
4

3
� � ð6:4� 106 mÞ3 ¼ 1� 1021 m3

VJupiter ¼
4

3
� � ð72� 106 mÞ3 ¼ 1:6� 1024 m3

VSun ¼
4

3
� � ð7� 108 mÞ3 ¼ 1:4� 1027 m3

Vsolar system ¼ 4
3
� � ð40AU � 1:5� 1011 m=AUÞ3 ¼ 9� 1038 m3

Therefore, it takes about 1022 people to fill the Earth, 1,600 Earths to fill Jupiter, about 1,000
Jupiters to fill the Sun, and 9� 1011 Suns to fill the solar system. The point here is that people
are very small, and the Sun and solar system are very big. Also, the solar system is mostly

empty! Less than 1 part in 1011 (100 billion) is actually filled with matter.

7.29. How large is a solar prominence compared with the size of the Earth and with the
distance from the Earth to the Moon?

A typical solar prominence is about 50,000 km high. The Earth is about 12,700 km across.
Approximately four Earths would fit within the height of a solar prominence. The distance

from the Earth to the Moon is about 384,000 km. A solar prominence would reach nearly
one-eighth of the way to the Moon.

7.30. Are prominences bright or dark when seen against the disk of the Sun? Why?

Prominences are dark when seen against the disk of the Sun, because they are cooler than the
photosphere, and cooler things observed against a hot background look dark. Prominences
are not actually dark, however, and when seen against empty space (during an eclipse, for
example), they appear quite bright.

7.31. If you were traveling through space, and entered the heliopause of a Sun-like star,
how would you know?
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The heliopause marks the location where the solar wind becomes so diffuse that it is indis-
tinguishable from the interstellar medium. If you were approaching a star, you would recog-

nize the heliopause because the density of the medium you were traveling through would
begin to rise steadily.

Supplementary Problems

7.32. Main-sequence star X is 10 times as luminous as main-sequence star Y. How do their main-
sequence lifetimes compare?

Ans. Star X lives 20% as long as star Y

7.33. Main-sequence star A is 10 times as massive as main-sequence star B. How do their main-

sequence lifetimes compare?

Ans. Star A lives 3% as long as star B

7.34. Which is more important to the lifetime of the star, the luminosity or the mass? Explain why.

Ans. Mass, because it determines the luminosity

7.35. How many Moon diameters (d ¼ 3,476 km) would it take to make the diameter of a large
sunspot?

Ans. 14.4

7.36. Table 7-2 gives data for the 15 nearest stars. Study the table and answer the following

questions.

(a) Which star (after the Sun) is brightest?
(b) Which star is faintest?
(c) Which star has the highest luminosity?
(d) Which star has the lowest luminosity?

(e) Which star is most like the Sun?
(f) Why does Sirius B not have a spectral class listed?
(g) How many stars are M type?

(h) How many stars are G type?
(i) How many stars are another type?
(j) Using just the information in this table, would you say the Sun is a ‘‘typical’’ star?

Ans. (a) Sirius A; (b) Wolf 359; (c) Sirius A; (d) Wolf 359; (e) Alpha Centauri A; (f) it is not
a main-sequence star; (g) 9; (h) 2; (i) 4; (j) no, it is brighter and yellower than the average star

7.37. Table 7-2 gives data for the 15 nearest stars. What is the parallactic angle of Wolf 359, Sirius,

and Proxima Centauri?

Ans. 0.42 00, 0.38 00, 0.77 00
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7.38. Two stars differ in magnitude by three magnitudes. What is the ratio of their brightnesses?

Ans. 15.6

7.39. You observe a star with an apparent magnitude of 4. Its parallactic angle is 0.32 00. How far
away is the star?

Ans. 3.1 pc

7.40. What is the absolute magnitude of the star in Problem 7.38?

Ans. 6.5

7.41. What is the luminosity of a main-sequence star of 8 MSun?

Ans. 1,400 LSun

7.42. What is the mass of a star with luminosity 8 LSun?

Ans. 1:8 MSun
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Table 7-2. Data for the 15 nearest stars

Name Distance (pc) Spectral type

Apparent

magnitude

Absolute

magnitude

Sun — G2 �26:7 4.8

Proxima Centauri 1.30 M5 11:1 15.5

Alpha Centauri A 1.33 G2 0:0 4.4

Alpha Centauri B 1.33 K0 1:3 5.7

Barnard’s Star 1.83 M4 9:6 13.2

Wolf 359 2.39 M6 13:4 16.6

BD +36 2147 2.52 M2 7:5 10.5

L276-8A 2.63 M6 12:4 15.3

L276-8B 2.63 M6 13:2 16.1

Sirius A 2.63 A1 �1:4 1.5

Sirius B 2.63 White dwarf 8:4 11.3

Ross 154 2.93 M3 10:5 13.1

Ross 248 3.17 M5 12:3 14.8

Eta Eri 3.27 K2 3:7 6.2

Ross 128 3.32 M4 11:1 13.5



7.43. What is the main-sequence lifetime of a star of 4 MSun?

Ans. 300 million years

7.44. A message is received from aliens saying their star is about to leave the main-sequence after
8 billion years. What was the mass of their star?

Ans. 1.1 MSun

7.45. How many times do the polar regions on the Sun rotate before they ‘‘lap’’ the equator?

Ans. 0.7 times

7.46. What is the difference between a supergranule and a large sunspot?

Ans. Supergranules are locations where material bubbles to the surface. Sunspots are

regions where the magnetic field bubbles to the surface.

7.47. How many Earth diameters make up the height of a solar prominence?

Ans. Nearly 4

7.48. Use Figs 7-8 and 7-9 to determine whether sunspots appear farthest from the equator during
solar maximum, solar minimum, or in between.

Ans. Solar maximum
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Stellar Evolution

Stars evolve. They are born from big clouds of dust and gas, and live most of their
lives quietly burning hydrogen on the main sequence. Then they shed mass back
into the interstellar medium, either gently or explosively, depending on their main-
sequence mass. A small cinder is left over, which cools and contracts, sometimes to
extremely high densities.

Why Do Stars Evolve?
Stars produce energy by nuclear fusion, which converts lighter elements to heavier
elements (e.g., hydrogen to helium). This changes the chemical composition in the
core of the star, which changes the energy production rate, the energy escape rate,
and the internal pressure. All of these changes make the star look different from
the outside. We will now look in more detail at each of these changes.

ENERGY PRODUCTION
There are three kinds of energy production that can take place in the core of a star:
hydrogen fusion, fusion of heavier elements, and gravitational collapse.

HYDROGEN FUSION
Hydrogen fusion occurs at temperatures of 
10 million degrees kelvin (K). At
these temperatures, the protons that are the nuclei of hydrogen atoms have enough
energy to overcome the mutual repulsion due to charge. (Recall that two particles
with the same charge repel each other, but particles with opposite charges attract
each other.) These protons can enter the proton–proton (p–p) chain (Fig. 8-1).
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In Fig. 8-1 you can see the production of positrons (a form of antimatter).
Positrons are exactly like electrons except that they have a positive charge. A
positron and an electron can annihilate, and produce energy in the form of
gamma rays.

Neutrinos are particles that have no charge, travel very near the speed of light,
and have a very small amount of mass when at rest. Neutrinos barely interact with
ordinary matter at all. There are 10 million neutrinos passing through each cen-
timeter of your skin each second. Most neutrinos pass through the entire Earth
without interacting at all. We observe these neutrinos with special detectors buried
deep in the Earth, which are essentially big chambers filled with a chlorine-
containing fluid. Occasionally (about twice per day), a neutrino will interact
with a chlorine atom, and turn it into radioactive argon. These argon atoms
are collected and counted to estimate the number of neutrinos passing through
the fluid.
Typical protons in the center of the Sun travel at 1 million km/h at tempera-

tures of 10 million K. For two protons to interact, and begin the p–p chain, they
must pass within 10�15 m of one another. Therefore, the probability of interaction
is very low. If you observe an individual proton, it will take 5 billion years for that
proton to become involved in the p–p chain. However, there are so many protons
in the Sun that even though it takes 5 billion years for an individual proton to
interact, there are still 1034 protons interacting every second.

EINSTEIN’S MASS–ENERGY RELATION
The energy released from fusion comes from the transformation of mass into
energy. The six hydrogen nuclei (protons) entering the proton–proton chain
have more mass than the helium nucleus and two hydrogen nuclei that leave the
p–p chain. The mass of the interacting protons is
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6mp ¼ 6 � ð1:674� 10�27Þ kg ¼ 10:044� 10�27 kg

The products (2 protons and 1 helium) have mass equal to

2mp þmHe ¼ 2ð1:674� 10�27Þ þ 6:643� 10�27 kg ¼ 9:991� 10�27 kg

The mass difference of 0:053� 10�27 kg is converted to energy according to
Einstein’s relation E ¼ mc2. This is a very small amount of energy. But, if we
multiply by 1034 per second, we get a large energy output, equal to the energy
output of the Sun. The mass of the positron is very small and was ignored in the
calculation.
In stars more massive than the Sun, another process operates which uses carbon

as a catalyst to assist the fusion of hydrogen into helium. This process is called the
CNO cycle, because carbon is turned into nitrogen, then into oxygen, then back
into carbon plus helium. The carbon repeats the cycle. The end product of the
cycle is the transformation of four hydrogen nuclei into one helium nucleus.

FUSION OF HEAVIER ELEMENTS
Other elements have more protons than hydrogen, and so are even more positively
charged, so that even higher temperatures and pressures are required to cause
fusion. For example:

1. Helium burning. Helium is fused into carbon at 100 million K.

2. Carbon burning. Carbon begins to be burned at 500 million to 1 billion K.

3. Iron burning. Elements whose mass is greater than iron, or iron itself, all use
energy when they burn. In other words, more energy goes in than comes
out. This means that iron fusion or fusion of heavier elements cannot make
a star shine. These heavy elements are produced when the star is no longer
steadily producing energy and explodes (see Supernovae, below).

CONTRACTION AND COLLAPSE
Gravitational potential energy is produced when mass falls onto the star. The total
amount of gravitational energy in a star is given by

Etot ¼
GM2

R

where G is the gravitational constant (equal to 6:67� 10�11 Nm2=kg), M is the
mass of the star, and R is its radius. For example, if the Sun were to shrink to the
size of the Earth, 3 billion years worth of solar energy would be released. This
process of contraction is usually slow, because energy production in the inner
regions balances gravity pulling inward.
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ENERGY ESCAPE RATE
The energy escape rate is governed by the opacity (‘‘opaque-ness’’), which changes
with the chemical composition. As the star’s opacity increases, the photons pro-
duced cannot escape the star. This raises the temperature, and therefore the pres-
sure. Usually, a star’s outer layers will swell in response to this increased pressure.

IDEAL GAS PRESSURE
The interior of main-sequence stars can be described by the ideal gas law (see
Chapter 1). As a star evolves, the temperature and pressure must always be in
equilibrium. If the pressure goes up, the temperature must go up and, conversely,
if the temperature goes down, the pressure also falls. As an example, consider what
happens when a star runs out of hydrogen in the core. With no fuel to burn, the
temperature falls, so the pressure falls, and the core of the star contracts under
the influence of gravity. As the core contracts, the pressure increases, and there-
fore the temperature rises. If the mass of the star is high, the temperature and
pressure increases may initiate fusion of helium. When helium ignites, the tem-
perature rises some more, and so does the pressure, and the star’s outer layers
expand. Changing the internal pressure by changing the chemical composition
has a large effect on the way the star appears on the outside.

DEGENERATE GAS PRESSURE
When the core of a star becomes very dense, it can no longer be described by the
ideal gas law. The temperature of such star can increase without increasing the
pressure. This is referred to as ‘‘degenerate gas.’’ Degenerate gas is discussed
further in Chapter 9.

How Do Stars Evolve?

THE H-R DIAGRAM
The Hertzsprung-Russell diagram (H-R diagram) is a plot of temperature versus
luminosity for many different stars. An example is shown in Fig. 8-2. Hot stars are
on the left, and low-luminosity stars are at the bottom. So white dwarfs, which are
hot and small, are in the lower left, and red giants, which are cool and large, are in
the upper right.
When stars are plotted in this way, patterns begin to emerge. Most stars fall in a

band stretching from the upper left to the lower right. These are the main-sequence
stars discussed in Chapter 7. Because most observable stars fall in this band, we
know that this is the longest portion of a star’s lifetime.
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MAIN-SEQUENCE EVOLUTION
During their main-sequence lifetime, stars are in hydrostatic and thermal equili-
brium (see Chapter 7) and therefore do not change appreciably. The star burns
hydrogen in the core, and as the hydrogen burns, it leaves a pile of helium ash in
the center. The star may change slightly in luminosity (by a factor of two or so), or
in size (by less than a factor of two), and gives the energy up to the rest of the
Universe mainly in the form of photons and neutrinos.
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POST-MAIN-SEQUENCE EVOLUTION
A star leaves the main sequence, by definition, when it exhausts the hydrogen in
the core, and begins burning helium instead. As the star leaves the main sequence,
it begins to change in spectacular ways. There are two ways for stars to evolve
after leaving the main sequence. The process is determined by the star’s mass.
Stars with mass less than 8MSun lose their outer layers slowly. These outer layers
are illuminated by the hot core, and become ionized, glowing shells. These shells
are called planetary nebulae, not because they have anything to do with planets but
because they are round fuzzy disks when viewed through a small telescope. Stars
with mass larger than 8 MSun lose their outer layers explosively, in a supernova.
These outer layers are also illuminated by the exposed core, and become ionized,
but the velocities of these supernova remnants is much different from that of the
planetary nebulae. In general, supernova remnants have quite large outflow velo-
cities, while planetary nebulae are less energetic.

Stars < 8MSun

GIANT BRANCH
When stars leave the main sequence, they begin burning hydrogen in an expanding
thin shell around the core. Helium ash falls onto the core, increasing the mass and
the density of this core. The hydrogen-burning shell grows in radius as the interior
fuel is depleted. The outer layers of the star swell and cool, and so the star becomes
a red giant, and occupies the giant branch on the H-R diagram (see Fig. 8-2).

HELIUM FLASH
If a star is about as massive as the Sun (<2 MSun), then it will undergo a helium
flash while on the giant branch. During a helium flash, the star undergoes a series
of changes deep within:

1. As helium ash from the hydrogen-burning shell falls onto the core, the
helium core gains mass, and shrinks, increasing in density.

2. The electrons in the core become degenerate and the temperature increases
without increasing the pressure, so the core can no longer expand.

3. The hydrogen-burning shell makes more ash; the helium core continues to
grow.

4. The temperature in the degenerate core rises to 100 million K; the mass in
the degenerate core accumulates to 0.6 MSun.

5. Helium fusion begins suddenly in the core.

6. Because the core is made of degenerate electrons, the pressure and tem-
perature are not related. Even though the core gets hotter, the pressure
stays the same, and the core does not expand.
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7. However, the higher temperature increases the rate of helium burning,
further increasing the temperature.

8. Temperature and burn rate increase until T 
 300 million K. For a few
minutes, the energy production of the core of the star is about 100 times
the entire energy production of the Milky Way Galaxy.

9. At 300 million K, the electrons stop being degenerate, the interior
expands, and the temperature and density drop.

10. This is all deep inside. Most of this energy is consumed in puffing up the
core. The outside of the star contracts somewhat, raising the temperature,
so that it becomes a yellow giant.

Stars with mass greater than 2MSun do not have helium flashes. The temperature
rises too fast for the electrons to become degenerate. They do begin to burn helium
in their cores, just not explosively. Once helium burning begins in any star, there
are two sources of energy—the helium-burning core, which is turning helium into
carbon and a little bit of carbon into oxygen, and the hydrogen-burning shell,
which dumps more helium into the core as it burns outward through the star.

THE HORIZONTAL BRANCH
On the horizontal branch, the star burns helium in the core, and hydrogen in a
shell surrounding the core. The stars become hotter and smaller during this phase,
and move across the H-R diagram. These stars stay at about the same luminosity
because, even though they are hotter, they are smaller. This is called the horizontal
branch (Fig. 8-2).

PULSATING STARS
As stars move across the horizontal branch, some of them begin to pulsate. These
pulsating or variable stars change in size, growing bigger and smaller repeatedly,
and their luminosity changes in a periodic way. Pulsating stars are not in equili-
brium. Their outer shells trap energy, heat up, and expand. As they expand they
cool off, and are pulled inward by gravity, which increases their pressure. The
compressed layer is denser and absorbs energy, heats up, and so on. These stars
are found on the instability strip, which crosses the horizontal branch (Fig. 8-2).
There are two important types of pulsating stars:

 Cepheid variables. These stars make good standard candles, because there is a
period–luminosity relationship. Cepheids vary in a unique way (Fig. 8-3), and
so they are easily identified. Cepheids with the same period have the same
luminosity. If a star in a distant galaxy is identified as a Cepheid by looking
at the light curve, then the period can be measured and, from that, the lumin-
osity. The apparent magnitude can also be determined, so the distance to the
star can be found using the inverse square law. The distance to galaxies can be
determined to fairly good accuracy using Cepheid variables.
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 RR Lyrae stars. These stars are small and dim, and also have a period–lumin-
osity relationship. Because they are dim, they are not useful for finding dis-
tances to other galaxies, but they are useful for finding distances to globular
clusters (groups of many stars all bound together by gravity) in our own
galaxy. These distances have been very cleverly used to find the distance to
the center of the Milky Way.

ASYMPTOTIC GIANT BRANCH
Eventually, the star runs out of helium in the core. It moves back across the
horizontal branch as the surface temperature falls, and onto the asymptotic
giant branch (AGB). While on the asymptotic giant branch, a sequence of changes
occur that lead to the eventual ejection of the star’s outer layers as a planetary
nebula and the formation of a white dwarf star:

1. Helium burning begins in the shell, causing the luminosity to increase, while
the temperature remains about the same (i.e., the star gets bigger).

2. The star expands, cools, but becomes more luminous.

3. Helium builds up in a shell around the (mostly) carbon core, until there’s
enough of it at high enough pressure to ignite.

4. The mass of the core increases.

5. A wind develops, and the mass-losing phase begins: the star begins to lose
mass at a phenomenal rate, as much as 10�5 solar masses (MSun) per year.
At this rate, the entire Sun would disappear in only 10,000 years.

6. This lost mass moves away from the star, and forms a shell around it, which
is opaque to visible and ultraviolet light. These shells are so cool that they
are most easily observed in the infrared.
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WHITE DWARFS
As the mass leaves the star, it exposes hotter and hotter depths. The central star
made of carbon (ash of helium fusion) and helium gets bluer and bluer, until it is
emitting in mostly the UV. This UV light ionizes the dust and gas that was ejected,
which then glows. The dust and gas is a planetary nebula, surrounding a white

dwarf. The Ring Nebula (Fig. 8-4) is a perfect example of a textbook planetary
nebula. A white dwarf is a small, hot star of less than 1.4 solar masses—stellar
cores more massive than this will not become white dwarfs, but will instead con-
tinue to shrink to become either neutron stars or black holes. White dwarfs,
neutron stars, and black holes will be discussed in more detail in Chapter 9.
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Stars > 8MSun: Supernovae
If a star is very massive, it will not only evolve faster but will also manufacture
heavier elements than lower mass stars do (Fig. 8-5). These stars will go through a
mass-losing phase, and then finally explode as supernovae. There are two types of
supernovae: Type I and Type II. A Type II supernova is the end of a star’s life, and
happens to isolated massive stars. A Type I supernova occurs in a binary system,
and is not a part of the star’s evolution, but is caused by the interaction of the pair
of stars. Depending on the spectral details, we have Type Ia, Ib, and Ic super-
novae. Observable supernovae should happen about once each century in our
galaxy. We have not seen any in our galaxy in modern times. This is because of
interstellar extinction due to dust in the Galaxy (see Chapter 10), which prevents
us from observing the entire Galaxy.

TYPE II SUPERNOVAE
The internal structure of an evolved massive star looks something like an onion.
The outer layer is a non-burning hydrogen envelope. Inside of this are a hydrogen-
burning shell, then a helium-burning shell, then carbon, then oxygen, neon, mag-
nesium, and silicon. In the center of it all is a core of iron ash. In this core, the
density, pressure, and temperature in the core of the massive evolved star even-
tually become high enough that the iron begins to fuse. But iron is special. It is the
lightest element for which fusion absorbs energy rather than releasing it. In other
words, it takes more energy to cause iron to fuse than comes out in the reaction.
Once the iron ignites, the gas will cool, because the fusing iron takes heat out of

the system. As the temperature falls, so does the pressure, and the core begins to
collapse. The collapsing core drives the temperature still higher, to 10 billion K.
When the temperature reaches 10 billion K, the photons have enough energy to

tear the atoms apart in a process called photo-disintegration. All of the elements in
the core—helium, carbon, oxygen, iron, etc.—are destroyed. Over 10 billion years
of fusion activity is reversed in less than 1 second. Like the burning of iron, this
process absorbs energy, so that the core can collapse even more. The core is now
composed of only protons, neutrons, electrons, and light. As the core collapses,
the density rises.
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When the density reaches 
 1012 kg=m3, the protons and the electrons become
fused into neutrons and neutrinos. These neutrinos have no difficulty in leaving the
core of the star, and carrying away energy into the Universe.
Now that there is no charge, the core can collapse even further, until the density

surpasses 1015 kg=m3. The neutrons are degenerate at these densities, and resist
being packed any more closely together. However, because the infalling material
has gathered momentum, it overshoots the degenerate density, and the core den-
sity rises to as much as 1017�1018 kg=m3.
Just like a ball hitting a wall, the material in the core rebounds from the dense,

degenerate center. The rebound produces shock waves, which travel outwards at
high speed, picking up material as they go. These shock waves carry material from
the envelope away from the core. In other words, the star explodes.
The entire process, from start of collapse to rebound, takes less than 1 second.

For a few days, the supernova may be as bright as a whole galaxy of billions of
stars. The equivalent of the entire lifetime energy budget of the Sun is released in
this explosion—and that’s just in light energy. 100 times as much energy is carried
by neutrinos.

TYPE I SUPERNOVAE
An evolved binary star system, in which the white dwarf star is re-accreting mass,
ignites all of the carbon at once and blows the white dwarf to bits, producing an
explosion of supernova brightness.

SUPERNOVA REMNANTS
The material lost from a supernova moves outward from the central star in much
the same way that material moves away from an asymptotic giant branch star. In
the case of a supernova, the resultant nebula is called a supernova remnant. The
Crab Nebula (Fig. 8-6) was created by a supernova observed on Earth in AD 1054.
For nearly a month, this supernova was bright enough to see in the daytime.
Figure 8-6 shows what is left ‘‘now.’’ (Since the nebula is about 1,800 pc away,
this image actually shows what the nebula looked like 5,400 years ago.) Doppler
shifts of the gas indicate that the Crab Nebula is expanding at a rate of several
thousand km/s.

Where Do We Come From?
There are 112 different elements in the current version of the periodic table. Of
these elements, 91 occur naturally on the Earth: 81 of these are stable (not radio-
active) elements; 10 are radioactive elements, and therefore decay. All the everyday
objects with which you interact are composed of a subset of these 112 elements.
Current particle abundances in the Universe are about:
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1. Hydrogen: 90%

2. Helium: 9%

3. Li, Be, B: 0.000001%

4. C, N, O, F, Ne: 0.2%

5. Si–Mn: 0.01%

6. Fe–Ge: 0.01%

7. Midweights: 0:00000001% ¼ 1� 10�7%
8. Heavyweights: 0:000000001% ¼ 1� 10�8%
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There are four different processes involved in the production of elements, and
each element is produced via some combination of these processes.

1. Primordial elements. In the beginning, just after the Big Bang (see Chapter
11), there were only hydrogen and helium atoms in the Universe. By the
time the Universe had cooled off enough for the helium atoms to survive
the intense heat, the Universe was too cool to manufacture anything hea-
vier.

2. Stellar nucleosynthesis (p–p chain, helium fusion, carbon fusion, etc.) pro-
duced all the elements up to iron.

3. Neutron capture (s-process). Elements heavier than iron can be formed from
iron, by a process called neutron capture. Neutrons get absorbed by the
nucleus of iron. This makes a heavy isotope (an isotope is an atom with
more or less neutrons than the most abundant form of that atom) of iron.
These isotopes are unstable, and decay, with the neutrons turning into
protons by emission of an electron and a neutrino. The new element can,
in turn, capture neutrons, grow heavier, and then decay. This is called the
‘‘s-process’’ (slow process). It happens in a regular star, and can produce
atoms as heavy as bismuth.

4. Neutron capture (r-process). In a supernova explosion, there are many many
neutrons all moving with high energy. Any element present is likely to be
completely bombarded with neutrons, and to capture many of them. This
is how we get elements that are heavier than bismuth. It is called the
‘‘r-process’’ (rapid process).

How do we know that this is how the elements formed?

1. Neutron capture and nuclear decay are well-studied phenomena in labora-
tory experiments. When the results of these experiments are combined with
models of the Universe since the Big Bang, they agree quite well with
observation.

2. Technetium-99 is direct evidence that heavy-element formation happens in
stars. This element has a half-life of 200,000 years, an astronomically short
period of time. But, we see this element in stars today, which means that it
must be being created all the time, else it would have all decayed already.

3. Light curves of Type I supernovae look just like the sum of the decay curves
of nickel-56 (half-life ¼ 55 days) and carbon-56 (half-life ¼ 78 days),
implying that many of these isotopes are produced in the explosion, and
subsequently decay.
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Solved Problems

8.1. What event signals the end of the main-sequence life of a star?

Stars evolve off the main sequence when they run out of hydrogen in the core. At this point,
they must find another way of producing energy. Usually, they begin fusing helium in the

core, and hydrogen in a shell around the core.

8.2. Why does the process of creating neutrons from protons and electrons reduce the
ability of a giant star to support its own weight?

Protons all have the same charge, and so resist being close together. Electrons also all have
the same charge, and resist being packed tightly. Neutrons, on the other hand, have no
charge, and so are able to be more densely packed.

8.3. Main-sequence stars of 5 solar masses are thought to evolve to white dwarfs of
1 solar mass. What happened to the other 4 solar masses?

Five solar mass stars become planetary nebulae surrounding white dwarfs. The other 4 solar
masses, which are not part of the white dwarf, become the planetary nebula.

8.4. What physical property determines the ultimate fate of a star?

The entire fate of a star, from main-sequence lifetime, to eventual demise, is governed by the

mass of the star. The initial composition plays a small part in the length of the lifetime as
well, but whether the star explodes as a supernova or as a planetary nebula is governed
entirely by its mass.

8.5. Why is an iron core unable to support a star?

When iron fuses, the process absorbs energy. With no energy source in the core of a star, it is

unable to support itself against gravity.

8.6. Suppose that asymptotic giant branch stars did not lose mass. What effect would
this have on the number of white dwarfs in the Galaxy?

White dwarfs are formed when an asymptotic giant branch star loses mass, ejecting a

planetary nebula, and exposing a hot central core. If these stars did not shed mass, there
would be far fewer white dwarfs in the Galaxy, but instead, there would be more supernovae,
neutron stars, and black holes, depending on the initial mass of the asymptotic giant branch

star.

8.7. Only a small percentage of the energy of a Type II supernova is carried away by
light and the expansion of the supernova remnant. What happens to the rest of the
energy? What fraction of the total energy is disposed of in this manner?

The vast majority of energy in a supernova is carried away by neutrinos. As stated in the text,

100 times as much energy is carried away by neutrinos as by light and expansion of the
remnant. There are a total of 101 parts of energy (the neutrino part plus the light/expansion

CHAPTER 8 Stellar Evolution166



part), of which 100 are carried away by neutrinos. So the fraction of energy carried away by
neutrinos is

fraction ¼ 100
101

fraction ¼ 0:99
or 99%.

8.8. Make a flow chart (Fig. 8-7) that shows how a 4 solar mass star evolves after
leaving the main sequence.

8.9. Why are most of the stars in the H-R diagram on the main sequence?

Stars spend the majority of their lives on the main sequence, so the majority of stars can be
found there.

8.10. How does the luminosity of a giant star compare with the luminosity of a main-
sequence star of the same spectral class?

Since the same spectral class means that the stars have the same temperature, each square
meter of surface emits the same amount of energy (and so is the same brightness). However,
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the giant star is much larger than the main-sequence star: the radius is about 100 times as
large. Since the luminosity of the star goes like the surface area, which in turn scales as the

radius squared, the giant star is 1002 ¼ 10,000 times as bright as the main-sequence star.

8.11. Why do nuclei of elements other than hydrogen require higher temperatures to
fuse?

Hydrogen has the fewest number of protons of all elements. The repulsion between protons
is the main impediment to fusion. Therefore elements with more protons will have to be
traveling faster to overcome this repulsion. In a gas, faster atoms mean higher temperatures.

8.12. Why does chemical composition change most rapidly in the center of a star?

In the center of a star, the temperatures, densities, and pressures are the highest. This means
that atoms interact more often, which increases the probability of fusion occurring. More
atoms interact each second, and more atoms fuse each second, so the chemical composition
changes most rapidly in the core.

8.13. What effect do supernova explosions have on the makeup of interstellar gas?

Supernova explosions eject lots of processed material in the remnant. As this remnant
expands, the density decreases until the remnant cannot be distinguished from the rest of
the interstellar medium. All of the processed material remains in the interstellar medium. So

the supernova explosions ‘‘enrich’’ the interstellar medium with processed material, i.e.,
heavier elements than hydrogen and helium.

8.14. Calculate the escape velocity for a 1MSun giant of radius 1 AU. Planetary nebulae
are observed to expand at 10–50 km/s. How do these numbers compare?

Recall the escape velocity equation from Chapter 1:

ve ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � 6:67� 10�11 m3

kg � s2 � 2� 10
30 kg

s

1:5� 1011 m
ve ¼ 42,000m=s
ve ¼ 42 km=s

This number is at the high end of the planetary nebula expansion range, but still within the
observed range of velocities. Larger stars will have lower escape velocities, while more
massive ones will have higher escape velocities.

8.15. The Crab Nebula is about 230 arcseconds across. What is its linear diameter?

From Chapter 1, the relationship between angular size, distance, and linear size is

�ð 00Þ ¼ 206,265 � d
D
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From page 163, the distance to the Crab Nebula is 1,800 pc. We can use this fact, and
rearrange the equation to find the linear size:

d ¼ �ð 00Þ �D
206,265

d ¼ 230 � 1,800
206,265

d ¼ 2 pc

8.16. The Crab Nebula is expanding at about 1,400 km/s. Calculate its age. How does
this compare to the supernova date given in the text?

The radius of the Crab Nebula is about 1 pc, or 3� 1013 km. Use the relationship between
travel time, distance, and velocity to find out how long ago the material left the central star:

t ¼ d

v

t ¼ 3� 10
13 km

1,400 km=s

t ¼ 2� 1010 s

This is not a very useful number. Convert it to years by dividing by 3:16� 107 s/yr. The age
of the nebula is about 700 yr. This would place the supernova at about AD 1300, nearly 300
years from the ‘‘proper’’ date.

8.17. Find the density of a red giant star of 1MSun, radius 1 AU. How does this compare
with the density of air (1 kg/m3)?

Assume the star is perfectly spherical. The density is given by the mass divided by the

volume:

� ¼ M

V

� ¼ M
4
3� � R3

� ¼ 2� 1030 kg
4
3� � ð1:5� 1011 mÞ3

� ¼ 0:00014 kg=m3

This is far less than the density of air.

8.18. Globular clusters are groups of stars all born at the same time out of the same
cloud. A representative sample of the stars in an imaginary globular cluster are
plotted on the H-R diagram shown in Fig. 8-8, along with a bar indicating the
main-sequence positions of stars of certain masses. How old is this globular cluster?

Since the highest mass star in the globular cluster still on the main sequence is about 2MSun,
the age of the globular cluster must be the main-sequence lifetime of a 2 MSun star:
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t

tSun
¼ M

MSun

� ��2:5

t ¼ M

MSun

� ��2:5
� tSun

t ¼ ð2Þ�2:5 � 10 billion years
t ¼ 1.8 billion years

This imaginary globular cluster is about 2 billion years old.

Supplementary Problems

8.19. How much gravitational energy does the Sun have now?

Ans. 3:83� 1031 J

8.20. How much gravitational energy does the Earth have now?

Ans. 3:73� 1032 J

8.21. How much mass is converted into energy each time four hydrogen nuclei become a helium
nucleus?

Ans. 4:75� 10�29 kg
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8.22. Suppose that a pulsating star has a change in magnitude of 1 from maximum brightness to
minimum brightness. What is the ratio of the radii at maximum and minimum?

Ans. 2.5

8.23. What is the escape velocity from the surface of a white dwarf, M ¼ 1MSun;R ¼ 0:9REarth?

Ans. 6:8� 106 m=s

8.24. Suppose a particular supernova increases by 6 magnitudes when it explodes. What is the
corresponding increase in brightness?

Ans. Brightness increases by a factor of 244

8.25. A nebula is observed in to have a line of rest wavelength 989.06 nm blue-shifted to 988.96
nm. Is this a supernova or a planetary nebula?

Ans. Planetary nebula

8.26. In the center of a red giant undergoing the helium flash, what is the peak wavelength of the
blackbody radiation from the core?

Ans. 9:7� 10�12

8.27. What is the total luminosity (in watts) of a supernova that is as bright as a billion Suns?

Ans. 3:8� 1035 W

8.28. Suppose the inner 1MSun of a Type II supernova collapses to a density of 10
17 kg/m3. What

is the radius of this core?

Ans. 17,000 m

8.29. Suppose the entire mass of the Sun were converted into energy. How much energy would be
produced?

Ans. 1:8� 1047 J

8.30. A star is plotted in the upper right corner of the H-R diagram. What kind of star is this?

Ans. Red giant

8.31. A star is plotted exactly in the middle of an H-R diagram. What is the color? What is the
luminosity class?

Ans. Yellow, dwarf (V)
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173

Stellar Remnants
(White Dwarfs, Neutron
Stars, and Black Holes)

Degenerate Gas Pressure
In an ordinary gas, the pressure depends on the density and on the temperature.
At very high densities, a mutual repulsion develops between electrons. This repul-
sion is not due to the classical behavior of their electrical charge: rather, it is due to
their quantum mechanical properties. This repulsion produces an additional pres-
sure, the so-called degenerate pressure, which depends on the density alone, not
the temperature. Thus, the material can be heated without expanding, and can be
cooled without shrinking. The degenerate pressure halts the gravitational collapse,
like the ideal gas pressure, with one significant difference: when material is added,
the gravity of the star increases, but the increase in the degenerate pressure is not
as high as in ordinary matter. Therefore, the star shrinks. The higher the mass of a
degenerate star, the smaller its volume.
Electrons are degenerate when � ¼ 109 kg=m3. This is about the same as squeez-

ing a house into the cap of a soda bottle. Neutrons are degenerate when
� ¼ 1018 kg=m3. This is about the same as squeezing the entire Earth into a box
that is only 200 meters on each side! Most stars end their lives as small dense
spheres of degenerate matter that slowly cool and radiate heat. Because the surface
is small, the cooling is slow and could take longer than the current age of the
Universe.
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White Dwarfs
White dwarfs are hot (
10,000K), low luminosity stars composed mainly of
carbon and helium. Their luminosity is low because their surface is small. The
electrons in white dwarfs are degenerate. As mentioned above the more mass in
the white dwarf, the smaller the radius. This peculiar mass–radius relation is
shown in Table 9-1.

The largest possible white dwarf mass is 1.4 MSun. This is called the
Chandrasekhar limit, and is the most mass that the electron degenerate core can
support without collapsing under its own gravity.
Once a white dwarf has collapsed, it cools off, but the degenerate pressure inside

does not drop and the star does not shrink on cooling. As the star cools, its
luminosity decreases, just as you would expect. This process slows over time, so
that the dimmer the star gets, the slower it gets dimmer. Table 9-2 shows the age–
luminosity relationship for a 0.6 MSun white dwarf.

At 6 billion years, the temperature (and therefore the color) of the white dwarf is
about the same as the Sun’s surface, but the luminosity is much less, because the
star is so small.
White dwarfs are the central stars of planetary nebulae, and their final mass

depends on their initial main-sequence mass, as shown in Table 9-3.
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Table 9-1. Mass–radius relationship

for white dwarfs

Mass Radius

0.5 MSun 1.5 REarth

1.0 MSun 0.9 REarth

1.3 MSun 0.4 REarth

Table 9-2. Age–luminosity

relationship for white

dwarfs

Age Luminosity

20 million yr 0.1 LSun

300 million yr 0.01 LSun

1 billion yr 0.001 LSun

6 billion yr 0.0001 LSun



No white dwarfs with masses less than 0.6MSun have been observed. The Universe
may not be old enough for stars of less than 1 MSun to have evolved to the white
dwarf stage.

Solved Problems

9.1. Suppose that two white dwarfs have the same surface temperature. Why is the more
massive of the two white dwarfs less luminous than the less massive one?

White dwarfs have the peculiar property that more massive ones are smaller. Therefore, the
more massive white dwarf has a lower luminosity because there is less surface area to emit

light.

9.2. Where are white dwarfs located on an H-R diagram?

Because white dwarfs are small, they would be located near the bottom. Because they are
white (i.e., hot), they would be located to the left. White dwarfs should be found below and
to the left of main-sequence stars on the H-R diagram.

9.3. What is the density of a 1 solar mass (1 MSun) white dwarf?

From Table 9-1, the radius of a 1 MSun white dwarf is 0.9REarth or 0:96� 6,378,000m ¼
5,740,000m. The density is given by

� ¼ M

V

� ¼ M
4
3� � R3

� ¼ 2� 1030 kg
4
3� � ð5:74� 106 mÞ3

� ¼ 2:5� 109 kg=m3:
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Table 9-3. The white dwarf mass depends on the main-

sequence mass

Main-sequence mass White dwarf mass

2–8 MSun 0.7–1.4 MSun

< 2 MSun 0.6–0.7 MSun

< 1 MSun < 0:6 MSun



The density of a 1MSun white dwarf is 2:5� 109 kg=m3. This is consistent with it being
composed of electron degenerate matter. Electrons are degenerate when densities are greater

than 109 kg=m3.

Neutron Stars
Main-sequence stars with mass in the range of 8–25MSun become supernovae, lose
a lot of their envelope, and leave a degenerate neutron core behind. Like white
dwarfs, neutron stars also get smaller when they are more massive. For a sense of
scale, a 0.7 MSun neutron star has a radius of 
10 km (about 6.25 miles). The
maximum mass of a neutron star is probably somewhere between 1.5 and 2.7
MSun.
Neutron stars collapse from larger stars, and during that collapse, angular

momentum must be conserved. Therefore, the stars are rotating very rapidly,
about 1,000 times per second! They also have large magnetic fields, due to the
collapse and compression of the original magnetic field of the star.
One special type of neutron star is the pulsar. Pulsars are spinning neutron

stars, with the magnetic field axis not aligned with the rotation axis. Along the
magnetic field lines that come out of the pole are many spiraling charged particles,
which emit radiation. When one of these poles is pointed towards us, we detect a
flash of radio waves. When neither is pointed towards us, we don’t detect any
radio waves. The whole system functions very much like a lighthouse. Figure 9-1
shows a diagram of this model.
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The pulses from a pulsar sometimes vary: sometimes individual pulses are
shaped differently, and sometimes there are quiet periods with no pulses at all.
The spinning of the pulsar slows over time. It takes about 30 million years for

the rotation to slow from 0.001 seconds to 2 seconds. This is short compared with
the age of the Universe, so you might expect to see lots of these with periods longer
than 2 seconds. However, no pulsar has ever been observed with a period longer
than 5 seconds. This implies that there must be some sort of shut-off mechanism
for the charged particles as the star slows its spinning.

Solved Problems

9.4. Why do neutron stars rotate more rapidly than main-sequence stars?

Neutron stars were once main-sequence stars. When they contracted, the angular momentum

was conserved. Since the radius decreased, the velocity must increase in order for the total
angular momentum to remain constant ðL ¼ mvrÞ.

9.5. Why would no pulses be observed from a rotating neutron star if the magnetic field
axis and rotation axis were aligned?

If these two axes were aligned, the magnetic field axis would always point in the same
direction. We would either observe radio waves all the time, if the magnetic axis were pointed
in our direction, or no radio waves, if it were pointed away from us.

9.6. The angular momentum of an object is conserved. Assuming all the mass of a
stellar core is retained during collapse, how fast was the progenitor of a 10 km
pulsar spinning when it was one solar radius (�105 km)? (Assume a rotation period
of 0.001 seconds.)

L ¼ m1v1r1 ¼ m2v2r2

But v ¼ !r

m1!1r
2
1 ¼ m2!2r

2
2

Since the mass does not change,

!1r
2
1 ¼ !2r

2
2

!1 ¼
!2r

2
2

r21
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The period, P, is related to the angular velocity ! by ! ¼ 2�=P, so

!1 ¼
2� � r22
r21 � P2

!1 ¼
2� � 102

ð7� 105Þ2 � 0:001
!1 ¼ 12:28� 10�7=s

Find the period, P1:

P1 ¼ 4:9� 106 s
P1 ¼ 57 days

The progenitor was spinning once every 57 days. This is half as fast as the rotation of the
Sun, which has a rotation period of 25 days.

9.7. If you were compressed to neutron star densities, how large would you be?

Assume a mass of 65 kg. The density of a neutron star is the density of neutron-degenerate
matter, about 1018 kg=m3. The relationship between density, volume, and mass is

� ¼ M

V

Rearranging this equation to solve for volume, and plugging in the above values gives

V ¼ M

�

V ¼ 65

1018
m3

V ¼ 6:5� 10�17 m3

If you were compressed to neutron star density, you would occupy a cube measuring

0.000004 m on each side, since 0:000004� 0:000004� 0:000004 ¼ 6:5� 10�17.

9.8. What is the escape speed of a 0.5 solar mass white dwarf?

Table 9-1 shows that the radius of a 0.5MSun white dwarf is 1.5REarth, or

1:5 � 6:378� 106 m ¼ 9:567� 106 m. Recall the escape velocity equation from Chapter 1,

ve ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

ve ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 � 6:67� 10�11 m3=kg=s2 � 1� 1030 kg

9:567� 106 m

s

ve ¼ 3:7� 106 m=s:
This is only about 80 times less than the speed of light. Most ordinary things, such as rocket

ships or space shuttles, could not even come close to escaping the surface of a white dwarf.
Light, however, easily escapes.

9.9. Suppose you were standing on the equator of a neutron star (radius 10 km, rotation
rate 0.001 seconds). How fast would you be traveling (in km/s)? How does this
compare with the speed of light?
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A rotation rate of 0.001 seconds means that you are traveling around an entire circle of
radius 10 km in only 0.001 seconds. The circumference of a circle is

C ¼ 2� � r
C ¼ 2� � 10 km
C ¼ 62:8 km

So you travel 62.8 km in 0.001 seconds, or are traveling 62,800 km/s. The speed of light is

300,000 km/s, so you would be traveling at approximately 20% of the speed of light!

Black Holes
Main-sequence stars with masses larger than 25MSun become supernovae, leaving
behind a core that is more massive than the neutron star, about 3 MSun or more.
Therefore the gravity is higher, and can overcome the degenerate neutron pres-
sure, and the mass collapses to a black hole. The laws that apply inside a black
hole remain unknown, yet it is clear that the escape velocity from the vicinity of
these extremely dense objects must be very high, and possibly higher than the
speed of light. Recalling the escape velocity equation (Chapter 1), and setting
v ¼ c, we have

c ¼
ffiffiffiffiffiffiffiffiffiffiffi
2GM

d

r

and rearranging, we have

d ¼ 2GM
c2

Within this distance (the Schwarzschild radius), nothing can escape the gravita-
tional influence of the black hole.

HAVE BLACK HOLES BEEN OBSERVED?
We have seen stars in binary systems, where we can observe only one star, and it
behaves as though it has a companion of a few solar masses. These systems are
also strong sources of X-rays. There are about half a dozen of these in our galaxy,
and these are possibly locations of remnants of massive stars which have become
black holes.
We observe the centers of galaxies (including our own) as huge sources of X-

rays. Astronomers can observe the speed of rotation near the center (from the
Doppler shift), and therefore determine the mass within the orbits (from the
circular velocity equation). This density is too high to be anything but a black
hole.
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Solved Problems

9.10. If the Sun were suddenly replaced by a one solar mass (1 MSun) black hole, what
would happen to the solar system?

The solar system would become quite dark and cold, but otherwise, nothing would happen.
The planets would still revolve and rotate around the Sun with the same periods as they

currently possess.

9.11. If the Earth were suddenly replaced by a black hole with the mass of the Earth,
what would happen to the Moon? What if the black hole had the mass of the Sun?

If the Earth were replaced by a black hole with the mass of the Earth, nothing would happen

to the Moon. It would orbit the Earth with the same period it currently has.

However, if the black hole had the mass of the Sun, the increased gravitational attraction
would pull the Moon closer. Would the Moon fall into the black hole? To answer that, we

need to compare the Schwarzschild radius of a one solar mass black hole with the radius of
the orbit of the Moon ð3:84� 108 mÞ.

Rs ¼
2GM

c2

Rs ¼
2 � ð6:67� 10�11m3=kg=s2Þ � ð2� 1030 kgÞ

ð3� 108 m=sÞ2
Rs ¼ 3000m

This is vastly smaller than the distance from the Earth to the Moon, so the Moon would not

be ‘‘swallowed up’’ by the black hole, although its orbital radius would decrease somewhat.

9.12. In general relativity, space is bent by the presence of a mass. One experiment that
supported this theory showed that stars appear farther apart when viewed towards
the Sun than when viewed away from the Sun. How would the results of this
experiment change if space were not bent by the presence of mass? How would
the results change if the space were negatively curved (so it made a ‘‘hill’’ instead of
a ‘‘hole’’)?

If space were not curved by mass, the positions of the stars would be unchanged no matter
where they were viewed. A picture of the background stars during an eclipse could be placed
on top of a picture of the stars 6 months later, and they would line up exactly.

If space were negatively curved, so the mass made a ‘‘hill’’ instead of a ‘‘hole,’’ the stars
would appear to move closer to the Sun during the eclipse. (The light would roll ‘‘down’’ the
hill.) So the stars would appear closer together instead of farther apart.

9.13. What is the Schwarzschild radius of a black hole of one million (1� 106) solar
masses? one billion (1� 109) solar masses? How do these radii compare to the size
of the solar system?

An object of one million solar masses has a mass of 2� 1036 kg. An object of one billion
solar masses has a mass of 2� 1039 kg. So the Schwarzschild radius of the one million solar
mass black hole is
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Rs ¼
2GM

c2

Rs ¼
2 � 6:67� 10�11 m3=kg=s2 � 2� 1036 kg

ð3� 108 mÞ2
Rs ¼ 3� 109 m

This is smaller than the orbit of the Earth (1AU ¼ 1:5� 1011 m).
Since the 1 billion solar mass black hole is 1,000 times as massive as the 1 million solar

mass black hole, its Schwarzschild radius is also 1,000 times as large, or 3� 1012 m. This is
larger than the orbital radius of Uranus (2:87� 1012 m), but smaller than the orbital radius
of Neptune (4:4� 1012 m).

9.14. Every object has an event horizon. One way to define a black hole is to say that it is
an object that is smaller than its own event horizon. How small would you have to
be in order to become a black hole? How does this compare with the size of an
atomic nucleus ðradius ¼ 10�15 mÞ?
Assume a mass of 65 kg. The Schwarzschild radius of a 65 kg black hole is

Rs ¼
2GM

c2

Rs ¼
2 � 6:67� 10�11 m3=kg=s2 � 65 kg

ð3� 108 m=sÞ2
Rs ¼ 9:6� 10�26 m

This is much smaller than the radius of a single atom.

9.15. A black hole has a Schwarzschild radius of 30 km. How much mass is contained in
the black hole?

The Schwarzschild radius equation can be rearranged to solve for the mass,

M ¼ Rs � c2
2G

M ¼ 30,000m � ð3� 108 m=sÞ2
2 � 6:67� 10�11 m3=kg=s2

M ¼ 2� 1031 kg
The mass of this black hole is 2� 1031 kg, or 10 times the mass of the Sun.

Supplementary Problems

9.16. What is the ratio of the volume of a 0.7MSun neutron star to the volume of a 0.7MSun white
dwarf?

Ans. 1� 10�9 (1 billionth)
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9.17. What is the radius of the event horizon of a black hole of mass 100 MSun?

Ans. 300 km

9.18. What is the escape speed of a 0.7 MSun neutron star?

Ans. 1:4� 108 m/s

9.19. You observe a pulsar with a period of 2 seconds. How long has this star been a neutron star?

Ans. 30 million years

9.20. What is the mass of a black hole with Schwarzschild radius 1:0� 102 km?

Ans. 340 MSun

9.21. What is the peak wavelength of emission from a white dwarf?

Ans. 2:9� 10�7 m

9.22. What is the escape speed from the Schwarzschild radius of a 100,000 MSun black hole?

Ans. c

9.23. Compare the answer to Problem 9.22 to the speed of light.

Ans. It is the same
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