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With a brass tube and a few pieces of glass, you can
construct either a microscope or a telescope. The
difference is essentially where you place the lenses.
With the microscope, you look down into the world of
the small, with the telescope out into the world of the
large.
In the twentieth century, physicists and astronomers
have constructed ever larger machines to study matter
on even smaller or even larger scales of distance. For
the physicists, the new microscopes are the particle
accelerators that provide views well inside atomic
nuclei. For the astronomers, the machines are radio
and optical telescopes whose large size allows them to
record the faintest signals from space. Particularly
effective is the Hubble telescope that sits above the
obscuring curtain of the earth’s atmosphere.
The new machines do not provide a direct image like
the ones you see through brass microscopes or telescopes. Instead a good analogy is to the Magnetic
Resonance Imaging (MRI) machines that first collect a
huge amount of data, and then through the use of a
computer program construct the amazing images showing cross sections through the human body. The
telescopes and particle accelerators collect the vast
amounts of data. Then through the use of the theories
of quantum mechanics and relativity, the data is put
together to construct meaningful images.
Some of the images have been surprising. One of the
greatest surprises is the increasingly clear image of the
universe starting out about fourteen billion years ago

as an incredibly small, incredibly hot speck that has
expanded to the universe we see today. By looking
farther and farther out, astronomers have been
looking farther and farther back in time, closer to
that hot, dense beginning. Physicists, by looking at
matter on a smaller and smaller scale with the even
more powerful accelerators, have been studying
matter that is even hotter and more dense. By the
end of the twentieth century, physicists and astronomers have discovered that they are looking at the
same image.
It is likely that telescopes will end up being the most
powerful microscopes. There is a limit, both financial and physical, to how big and powerful an
accelerator we can build. Because of this limit, we
can use accelerators to study matter only up to a
certain temperature and density. To study matter
that is still hotter and more dense, which is the same
as looking at still smaller scales of distance, the only
“machine” we have available is the universe itself.
We have found that the behavior of matter under the
extreme conditions of the very early universe have
left an imprint that we can study today with telescopes.
In the rest of this introduction we will show you some
of the pictures that have resulted from looking at
matter with the new machines. In the text itself we
will begin to learn how these pictures were constructed.
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SPACE AND TIME
The images of nature we see are images in both space
and time, for we have learned from the work of Einstein
that the two cannot be separated. They are connected
by the speed of light, a quantity we designate by the
letter c, which has the value of a billion (1,000,000,000)
feet (30 cm) in a second. Einstein’s remarkable discovery in 1905 was that the speed of light is an absolute
speed limit. Nothing in the current universe can travel
faster than the speed c.
Because the speed of light provides us with an absolute
standard that can be measured accurately, we use the
value of c to relate the definitions of time and distance.
The meter is defined as the distance light travels in an
interval of 1/299,792.458 of a second. The length of a
second itself is provided by an atomic standard. It is the
time interval occupied by 9,192,631,770 vibrations of
a particular wavelength of light radiated by a cesium
atom.
Using the speed of light for conversion, clocks often
make good meter sticks, especially for measuring
astronomical distances. It takes light 1.27 seconds to
travel from the earth to the moon. We can thus say that
the moon is 1.27 light seconds away. This is simpler
than saying that the moon is 1,250,000,000 feet or
382,000 kilometers away. Light takes 8 minutes to
reach us from the sun, thus the earth’s orbit about the
sun has a radius of 8 light minutes. Radio signals,
which also travel at the speed of light, took 2 1/2 hours
to reach the earth when Voyager II passed the planet
Uranus (temporarily the most distant planet). Thus
Uranus is 2 1/2 light hours away and our solar system

has a diameter of 5 light hours (not including the cloud
of comets that lie out beyond the planets.)
The closest star, Proxima Centauri, is 4.2 light years
away. Light from this star, which started out when you
entered college as a freshman, will arrive at the earth
shortly after you graduate (assuming all goes well).
Stars in our local area are typically 2 to 4 light years
apart, except for the so called binary stars which are
pairs of stars orbiting each other at distances as small as
light days or light hours.
On a still larger scale, we find that stars form island
structures called galaxies. We live in a fairly typical
galaxy called the Milky Way. It is a flat disk of stars
with a slight bulge at the center much like the Sombrero
Galaxy seen edge on in Figure (1) and the neighboring
spiral galaxy Andromeda seen in Figure (2). Our
Milky Way is a spiral galaxy much like Andromeda,
with the sun located about 2/3 of the way out in one of
the spiral arms. If you look at the sky on a dark clear
night you can see the band of stars that cross the sky
called the Milky Way. Looking at these stars you are
looking sideways through the disk of the Milky Way
galaxy.

Figure 1

Figure 2

The Sombrero galaxy.

The Andromeda galaxy.
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Our galaxy and the closest similar galaxy, Andromeda, are both about 100,000 light years (.1 million light
years) in diameter, contain about a billion stars, and are
about one million light years apart. These are more or
less typical numbers for the average size, population
and spacing of galaxies in the universe.
To look at the universe over still larger distances, first
imagine that you are aboard a rocket leaving the earth
at night. As you leave the launch pad, you see the
individual lights around the launch pad and street lights
in neighboring roads. Higher up you start to see the
lights from the neighboring city. Still higher you see
the lights from a number of cities and it becomes harder
and harder to see individual street lights. A short while
later all the bright spots you see are cities, and you can
no longer see individual lights. At this altitude you
count cities instead of light bulbs.
Similarly on our trip out to larger and larger distances
in the universe, the bright spots are the galaxies for we
can no longer see the individual stars inside. On
distances ranging from millions up to billions of light
years, we see galaxies populating the universe. On this
scale they are small but not quite point like. Instruments like the Hubble telescope in space can view
structure in the most distant galaxies, like those shown
in Figure (3) .

The Expanding Universe
In the 1920s, Edwin Hubble made the surprising discovery that, on average, the galaxies are all moving
away from us. The farther away a galaxy is, the faster
it is moving away. Hubble found a simple rule for this
recession, a galaxy twice as far away is receding twice
as fast.
At first you might think that we are at the exact center
of the universe if the galaxies are all moving directly
away from us. But that is not the case. Hubble’s
discovery indicates that the universe is expanding
uniformly. You can see how a uniform expansion
works by blowing up a balloon part way, and drawing
a number of uniformly spaced dots on the balloon.
Then pick any dot as your own dot, and watch it as you
continue to blow the balloon up. You will see that the
neighboring dots all move away from your dot, and you
will also observe Hubble’s rule that dots twice as far
away move away twice as fast.
Hubble’s discovery provided the first indication that
there is a limit to how far away we can see things. At
distances of about fourteen billion light years, the
recessional speed approaches the speed of light. Recent photographs taken by the Hubble telescope show
galaxies receding at speeds in excess of 95% the speed
of light, galaxies close to the edge of what we call the
visible universe.
The implications of Hubble’s rule are more dramatic if
you imagine that you take a moving picture of the
expanding universe and then run the movie backward
in time. The rule that galaxies twice as far away are
receding twice as fast become the rule that galaxies
twice as far away are approaching you twice as fast. A
more distant galaxy, one at twice the distance but
heading toward you at twice the speed, will get to you
at the same time as a closer galaxy. In fact, all the
galaxies will reach you at the same instant of time.
Now run the movie forward from that instant of time,
and you see all the galaxies flying apart from what
looks like a single explosion. From Hubble’s law you
can figure that the explosion should have occurred
about fourteen billion years ago.

Figure 3

Hubble photograph of the most distant galaxies.

Int-4

An Overview of Physics

Did such an explosion really happen, or are we simply
misreading the data? Is there some other way of
interpreting the expansion without invoking such a
cataclysmic beginning? Various astronomers thought
there was. In their continuous creation theory they
developed a model of the universe that was both
unchanging and expanding at the same time. That
sounds like an impossible trick because as the universe
expands and the galaxies move apart, the density of
matter has to decrease. To keep the universe from
changing, the model assumed that matter was being
created throughout space at just the right rate to keep the
average density of matter constant.
With this theory one is faced with the question of which
is harder to accept—the picture of the universe starting
in an explosion which was derisively called the Big
Bang, or the idea that matter is continuously being
created everywhere? To provide an explicit test of the
continuous creation model, it was proposed that all
matter was created in the form of hydrogen atoms, and
that all the elements we see around us today, the carbon,
oxygen, iron, uranium, etc., were made as a result of
nuclear reactions inside of stars.
To test this hypothesis, physicists studied in the laboratory those nuclear reactions which should be relevant
to the synthesis of the elements. The results were quite
successful. They predicted the correct or nearly correct
abundance of all the elements but one. The holdout was
helium. There appeared to be more helium in the
universe than they could explain.

By 1960, it was recognized that, to explain the abundance of the elements as a result of nuclear reactions
inside of stars, you have to start with a mixture of
hydrogen and helium. Where did the helium come
from? Could it have been created in a Big Bang?
As early as 1948, the Russian physicist George Gamov
studied the consequences of the Big Bang model of the
universe. He found that if the conditions in the early
universe were just right, there should be light left over
from the explosion, light that would now be a faint glow
at radio wave frequencies. Gamov talked about this
prediction with several experimental physicists and
was told that the glow would be undetectable. Gamov’s
prediction was more or less ignored until 1964 when
the glow was accidently detected as noise in a radio
telescope. Satellites have now been used to study this
glow in detail, and the results leave little doubt about
the explosive nature of the birth of the universe.
What was the universe like at the beginning? In an
attempt to find out, physicists have applied the laws of
physics, as we have learned them here on earth, to the
collapsing universe seen in the time reversed motion
picture of the galaxies. One of the main features that
emerges as we go back in time and the universe gets
smaller and smaller, is that it also becomes hotter and
hotter. The obvious question in constructing a model
of the universe is how small and how hot do we allow
it to get? Do we stop our model, stop our calculations,
when the universe is down to the size of a galaxy? a
star? a grapefruit? or a proton? Does it make any sense
to apply the laws of physics to something as hot and
dense as the universe condensed into something smaller
than, say, the size of a grapefruit? Surprisingly, it may.
One of the frontiers of physics research is to test the
application of the laws of physics to this model of the
hot early universe.
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We will start our disruption of the early universe at a
time when the universe was about a billionth of a
second old and the temperature was three hundred
thousand billion ( 3 × 1014 ) degrees. While this sounds
like a preposterously short time and unbelievably high
temperature, it is not the shortest time or highest
temperature that has been quite carefully considered.
For our overview, we are arbitrarily choosing that time
because of the series of pictures we can paint which
show the universe evolving. These pictures all involve
the behavior of matter as it has been studied in the
laboratory. To go back earlier relies on theories that we
are still formulating and trying to test.
To recognize what we see in this evolving picture of the
universe, we first need a reasonably good picture of
what the matter around us is like. With an understanding of the building blocks of matter, we can watch the
pieces fit together as the universe evolves. Our discussion of these building blocks will begin with atoms
which appear only late in the universe, and work down
to smaller particles which play a role at earlier times.
To understand what is happening, we also need a
picture of how matter interacts via the basic forces in
nature.
When you look through a microscope and change the
magnification, what you see and how you interpret it,
changes, even though you are looking at the same
sample. To get a preliminary idea of what matter is
made from and how it behaves, we will select a
particular sample and magnify it in stages. At each
stage we will provide a brief discussion to help interpret
what we see. As we increase the magnification, the
interpretation of what we see changes to fit and to
explain the new picture. Surprisingly, when we get
down to the smallest scales of distance using the
greatest magnification, we see the entire universe at its
infancy. We have reached the point where studying
matter on the very smallest scale requires an understanding of the very largest, and vice versa.

STRUCTURE OF MATTER
We will start our trip down to small scales with a rather
large, familiar example—the earth in orbit about the
sun. The earth is attracted to the sun by a force called
gravity, and its motion can be accurately forecast, using
a set of rules called Newtonian mechanics. The basic
concepts involved in Newtonian mechanics are force,
mass, velocity and acceleration, and the rules tell us
how these concepts are related. (Half of the traditional
introductory physics courses is devoted to learning
these rules.)
Atoms
We will avoid much of the complexity we see around
us by next focusing in on a single hydrogen atom. If we
increase the magnification so that a garden pea looks as
big as the earth, then one of the hydrogen atoms inside
the pea would be about the size of a basketball. How
we interpret what we see inside the atom depends upon
our previous experience with physics. With a background in Newtonian mechanics, we would see a
miniature solar system with the nucleus at the center
and an electron in orbit. The nucleus in hydrogen
consists of a single particle called the proton, and the
electron is held in orbit by an electric force. At this
magnification, the proton and electron are tiny points,
too small to show any detail.

Figure 8-25a

Elliptical orbit of an earth satellite calculated
using Newtonian mechanics.
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There are similarities and striking differences between
the gravitational force that holds our solar system
together and the electric force that holds the hydrogen
atom together. Both forces in these two examples are
attractive, and both forces decrease as the square of the
distance between the particles. That means that if you
double the separation, the force is only one quarter as
strong. The strength of the gravitational force depends
on the mass of the objects, while the electric force
depends upon the charge of the objects.
One of the major differences between electricity and
gravity is that all gravitational forces are attractive,
while there are both attractive and repulsive electric
forces. To account for the two types of electric force,
we say that there are two kinds of electric charge, which
Benjamin Franklin called positive charge and negative
charge. The rule is that like charges repel while
opposite charges attract. Since the electron and the
proton have opposite charge they attract each other. If
you tried to put two electrons together, they would repel
because they have like charges. You get the same
repulsion between two protons. By the accident of
Benjamin Franklin’s choice, protons are positively
charged and electrons are negatively charged.
Another difference between the electric and gravitational forces is their strengths. If you compare the
electric to the gravitational force between the proton
and electron in a hydrogen atom, you find that the
electric force is 227000000000000000000000000
0000000000000 times stronger than the gravitational
force. On an atomic scale, gravity is so weak that it is
essentially undetectable.
On a large scale, gravity dominates because of the
cancellation of electric forces. Consider, for example,
the net electric force between two complete hydrogen
atoms separated by some small distance. Call them
atom A and atom B. Between these two atoms there are
four distinct forces, two attractive and two repulsive.
The attractive forces are between the proton in atom A
and the electron in atom B, and between the electron in
atom A and the proton in atom B. However, the two

protons repel each other and the electrons repel to give
the two repulsive forces. The net result is that the
attractive and repulsive forces cancel and we end up
with essentially no electric force between the atoms.
Rather than counting individual forces, it is easier to
add up electric charge. Since a proton and an electron
have opposite charges, the total charge in a hydrogen
atom adds up to zero. With no net charge on either of
the two hydrogen atoms in our example, there is no net
electric force between them. We say that a complete
hydrogen atom is electrically neutral.
While complete hydrogen atoms are neutral, they can
attract each other if you bring them too close together.
What happens is that the electron orbits are distorted by
the presence of the neighboring atom, the electric
forces no longer exactly cancel, and we are left with a
small residual force called a molecular force. It is the
molecular force that can bind the two hydrogen atoms
together to form a hydrogen molecule. These molecular forces are capable of building very complex objects,
like people. We are the kind of structure that results
from electric forces, in much the same way that solar
systems and galaxies are the kind of structures that
result from gravitational forces.
Chemistry deals with reactions between about 100
different elements, and each element is made out of a
different kind of atom. The basic distinction between
atoms of different elements is the number of protons in
the nucleus. A hydrogen nucleus has one proton, a
helium nucleus 2 protons, a lithium nucleus 3 protons,
on up to the largest naturally occurring nucleus, uranium with 92 protons.
Complete atoms are electrically neutral, having as
many electrons orbiting outside as there are protons in
the nucleus. The chemical properties of an atom are
determined almost exclusively by the structure of the
orbiting electrons, and their electron structure depends
very much on the number of electrons. For example,
helium with 2 electrons is an inert gas often breathed by
deep sea divers. Lithium with 3 electrons is a reactive
metal that bursts into flame when exposed to air. We
go from an inert gas to a reactive metal by adding one
electron.
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Light
The view of the hydrogen atom as a miniature solar
system, a view of the atom seen through the “lens” of
Newtonian mechanics, fails to explain much of the
atom’s behavior. When you heat hydrogen gas, it
glows with a reddish glow that consists of three distinct
colors or so called spectral lines. The colors of the lines
are bright red, swimming pool blue, and deep violet.
You need more than Newtonian mechanics to understand why hydrogen emits light, let alone explain these
three special colors.
In the middle of the 1800s, Michael Faraday went a
long way in explaining electric and magnetic phenomena in terms of electric and magnetic fields. These
fields are essentially maps of electric and magnetic
forces. In 1860 James Clerk Maxwell discovered that
the four equations governing the behavior of electric
and magnetic fields could be combined to make up
what is called a wave equation. Maxwell could construct his wave equation after making a small but
crucial correction to one of the underlying equations.
The importance of Maxwell’s wave equation was that
it predicted that a particular combination of electric and
magnetic fields could travel through space in a wavelike manner. Equally important was the fact that the
wave equation allowed Maxwell to calculate what the
speed of the wave should be, and the answer was about
a billion feet per second. Since only light was known
to travel that fast, Maxwell made the guess that he had
discovered the theory of light, that light consisted of a
wave of electric and magnetic fields of force.

Visible light is only a small part of what we call the
electromagnetic spectrum. Our eyes are sensitive to
light waves whose wavelength varies only over a very
narrow range. Shorter wavelengths lie in the ultraviolet or x ray region, while at increasingly longer wavelengths are infra red light, microwaves, and radio
waves. Maxwell’s theory made it clear that these other
wavelengths should exist, and within a few years, radio
waves were discovered. The broadcast industry is now
dependent on Maxwell’s equations for the design of
radio and television transmitters and receivers.
(Maxwell’s theory is what is usually taught in the
second half of an introductory physics course. That
gets you all the way up to 1860.)
While Maxwell’s theory works well for the design of
radio antennas, it does not do well in explaining the
behavior of a hydrogen atom. When we apply
Maxwell’s theory to the miniature solar system model
of hydrogen, we do predict that the orbiting electron
will radiate light. But we also predict that the atom will
self destruct. The unambiguous prediction is that the
electron will continue to radiate light of shorter and
shorter wavelength while spiraling in faster and faster
toward the nucleus, until it crashes. The combination
of Newton’s laws and Maxwell’s theory is known as
Classical Physics. We can easily see that classical
physics fails when applied even to the simplest of
atoms.
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Photons
In the late 1890’s, it was discovered that a beam of light
could knock electrons out of a hydrogen atom. The
phenomenon became known as the photoelectric effect. You can use Maxwell’s theory to get a rough idea
of why a wave of electric and magnetic force might be
able to pull electrons out of a surface, but the details all
come out wrong. In 1905, in the same year that he
developed his theory of relativity, Einstein explained
the photoelectric effect by proposing that light consisted of a beam of particles we now call photons.
When a metal surface is struck by a beam of photons,
an electron can be knocked out of the surface if it is
struck by an individual photon. A simple formula for
the energy of the photons led to an accurate explanation
of all the experimental results related to the photoelectric effect.
Despite its success in explaining the photoelectric
effect, Einstein’s photon picture of light was in conflict
not only with Maxwell’s theory, it conflicted with over
100 years of experiments which had conclusively
demonstrated that light was a wave. This conflict was
not to be resolved in any satisfactory way until the
middle 1920s.
The particle nature of light helps but does not solve the
problems we have encountered in understanding the
behavior of the electron in hydrogen. According to
Einstein’s photoelectric formula, the energy of a photon is inversely proportional to its wavelength. The
longer wavelength red photons have less energy than
the shorter wavelength blue ones. To explain the
special colors of light emitted by hydrogen, we have to
be able to explain why only photons with very special
energies can be emitted.

The Bohr Model
In 1913, the year after the nucleus was discovered,
Neils Bohr developed a somewhat ad hoc model that
worked surprisingly well in explaining hydrogen. Bohr
assumed that the electron in hydrogen could travel on
only certain allowed orbits. There was a smallest,
lowest energy orbit that is occupied by an electron in
cool hydrogen atoms. The fact that this was the
smallest allowed orbit meant that the electron would
not spiral in and crush into the nucleus.
Using Maxwell’s theory, one views the electron as
radiating light continuously as it goes around the orbit.
In Bohr’s picture the electron does not radiate while in
one of the allowed orbits. Instead it radiates, it emits a
photon, only when it jumps from one orbit to another.
To see why heated hydrogen radiates light, we need a
picture of thermal energy. A gas, like a bottle of
hydrogen or the air around us, consists of molecules
flying around, bouncing into each other. Any moving
object has extra energy due to its motion. If all the parts
of the object are moving together, like a car traveling
down the highway, then we call this energy of motion
kinetic energy. If the motion is the random motion of
molecules bouncing into each other, we call it thermal
energy.
The temperature of a gas is proportional to the average
thermal energy of the gas molecules. As you heat a gas,
the molecules move faster, and their average thermal
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The allowed orbits of the Bohr Model.
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energy and temperature rises. At the increased speed
the collisions between molecules are also stronger.
Consider what happens if we heat a bottle of hydrogen
gas. At room temperature, before we start heating, the
electrons in all the atoms are sitting in their lowest
energy orbits. Even at this temperature the atoms are
colliding but the energy involved in a room temperature collision is not great enough to knock an electron
into one of the higher energy orbits. As a result, room
temperature hydrogen does not emit light.
When you heat the hydrogen, the collisions between
atoms become stronger. Finally you reach a temperature in which enough energy is involved in a collision
to knock an electron into one of the higher energy
orbits. The electron then falls back down, from one
allowed orbit to another until it reaches the bottom,
lowest energy orbit. The energy that the electron loses
in each fall, is carried out by a photon. Since there are
only certain allowed orbits, there are only certain
special amounts of energy that the photon can carry out.
To get a better feeling for how the model works,
suppose we number the orbits, starting at orbit 1 for the
lowest energy orbit, orbit 2 for the next lowest energy
orbit, etc. Then it turns out that the photons in the red
spectral line are radiated when the electron falls from
orbit 3 to orbit 2. The red photon’s energy is just equal
to the energy the electron loses in falling between these
orbits. The more energetic blue photons carry out the
energy an electron loses in falling from orbit 4 to orbit
2, and the still more energetic violet photons correspond to a fall from orbit 5 to orbit 2. All the other jumps
give rise to photons whose energy is too large or too
small to be visible. Those with too much energy are
ultraviolet photons, while those with too little are in the
infra red part of the spectrum. The jump down to orbit
1 is the biggest jump with the result that all jumps down
to the lowest energy orbit results in ultraviolet photons.
It appears rather ad hoc to propose a theory where you
invent a large number of special orbits to explain what
we now know as a large number of spectral lines. One
criterion for a successful theory in science is that you
get more out of the theory than you put in. If Bohr had
to invent a new allowed orbit for each spectral line
explained, the theory would be essentially worthless.

However this is not the case for the Bohr model. Bohr
found a simple formula for the electron energies of all
the allowed orbits. This one formula in a sense explains
the many spectral lines of hydrogen. A lot more came
out of Bohr’s model than Bohr had to put in.
The problem with Bohr’s model is that it is essentially
based on Newtonian mechanics, but there is no excuse
whatsoever in Newtonian mechanics for identifying
any orbit as special. Bohr focused the problem by
discovering that the allowed orbits had special values
of a quantity called angular momentum.
Angular momentum is related to rotational motion, and
in Newtonian mechanics angular momentum increases
continuously and smoothly as you start to spin an
object. Bohr could explain his allowed orbits by
proposing that there was a special unique value of
angular momentum—call it a unit of angular momentum. Bohr found, using standard Newtonian calculations, that his lowest energy orbit had one unit of
angular momentum, orbit 2 had two units, orbit 3 three
units, etc. Bohr could explain his entire model by the
one assumption that angular momentum was quantized, i.e., came only in units.
Bohr’s quantization of angular momentum is counter
intuitive, for it leads to the picture that when we start to
rotate an object, the rotation increases in a jerky fashion
rather than continuously. First the object has no
angular momentum, then one unit, then 2 units, and on
up. The reason we do not see this jerky motion when
we start to rotate something large like a bicycle wheel,
is that the basic unit of angular momentum is very
small. We cannot detect the individual steps in angular
momentum, it seems continuous. But on the scale of an
atom, the steps are big and have a profound effect.
With Bohr’s theory of hydrogen and Einstein’s theory
of the photoelectric effect, it was clear that classical
physics was in deep trouble. Einstein’s photons gave
a lumpiness to what should have been a smooth wave
in Maxwell’s theory of light and Bohr’s model gave a
jerkiness to what should be a smooth change in angular
momentum. The bumps and jerkiness needed a new
picture of the way matter behaves, a picture that was
introduced in 1924 by the graduate student Louis de
Broglie.
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PARTICLE-WAVE NATURE OF
MATTER
Noting the wave and particle nature of light,
de Broglie proposed that the electron had both a wave
and a particle nature. While electrons had clearly
exhibited a particle behavior in various experiments, de
Broglie suggested that it was the wave nature of the
electron that was responsible for the special allowed
orbits in Bohr’s theory. De Broglie presented a simple
wave picture where, in the allowed orbits, an integer
number of wavelengths fit around the orbit. Orbit 1 had
one wavelength, orbit 2 had two wavelengths, etc. In
De Broglie’s picture, electron waves in non allowed
orbits would cancel themselves out. Borrowing some
features of Einstein’s photon theory of light waves, de
Broglie could show that the angular momentum of the
electron would have the special quantized values when
the electron wave was in one of the special, non
cancelling orbits.
With his simple wave picture, de Broglie had hit upon
the fundamental idea that was missing in classical
physics. The idea is that all matter, not just light, has
a particle wave nature.
It took a few years to gain a satisfactory interpretation
of the dual particle wave nature of matter. The current
interpretation is that things like photons are in fact
particles, but their motion is governed, not by Newtonian mechanics, but by the laws of wave motion. How

this works in detail is the subject of our chapter on
Quantum Mechanics. One fundamental requirement
of our modern interpretation of the particle wave is that,
for the interpretation to be meaningful, all forms of
matter, without exception, must have this particle wave
nature. This general requirement is summarized by a
rule discovered by Werner Heisinberg, a rule known as
the uncertainty principle. How the rule got that name
is also discussed in our chapter on quantum mechanics.
In 1925, after giving a seminar describing de Broglie’s
model of electron waves in hydrogen, Erwin
Schrödinger was chided for presenting such a “childish” model. A colleague reminded him that waves do
not work that way, and suggested that since Schrödinger
had nothing better to do, he should work out a real wave
equation for the electron waves, and present the results
in a couple of weeks.
It took Schrödinger longer than a couple of weeks, but
he did succeed in constructing a wave equation for the
electron. In many ways Schrödinger’s wave equation
for the electron is analogous to Maxwell’s wave equation for light. Schrödinger’s wave equation for the
electron allows one to calculate the behavior of electrons in all kinds of atoms. It allows one to explain and
predict an atom’s electron structure and chemical
properties. Schrödinger’s equation has become the
fundamental equation of chemistry.

r

Figure 35-9

Figure 35-10

De Broglie picture of an electron
wave cancelling itself out.

If the circumference of the orbit is an integer
number of wavelengths, the electron wave will go
around without any cancellation.
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CONSERVATION OF ENERGY
Before we go on with our investigation of the hydrogen
atom, we will take a short break to discuss the idea of
conservation of energy. This idea, which originated in
Newtonian mechanics, survives more or less intact in
our modern particle-wave picture of matter.
Physicists pay attention to the concept of energy only
because energy is conserved. If energy disappears
from one place, it will show up in another. We saw this
in the Bohr model of hydrogen. When the electron lost
energy falling down from one allowed orbit to a lower
energy orbit, the energy lost by the electron was carried
out by a photon.
You can store energy in an object by doing work on the
object. When you lift a ball off the floor, for example,
the work you did lifting the ball, the energy you
supplied, is stored in a form we call gravitational
potential energy. Let go of the ball and it falls to the
floor, loosing its gravitational potential energy. But
just before it hits the floor, it has a lot of energy of
motion, what we have called kinetic energy. All the
gravitational potential energy the ball had before we
dropped it has been converted to kinetic energy.
After the ball hits the floor and is finally resting there,
it is hard to see where the energy has gone. One place
it has gone is into thermal energy, the floor and the ball
are a tiny bit warmer as a result of your dropping the
ball.
Another way to store energy is to compress a spring.
When you release the spring you can get the energy
back. For example, compress a watch spring by
winding up the watch, and the energy released as the
spring unwinds will run the watch for a day. We could
call the energy stored in the compressed spring spring
potential energy. Physicists invent all sorts of names
for the various forms of energy.

One of the big surprises in physics was Einstein’s
discovery of the equivalence of mass and energy, a
relationship expressed by the famous equation
E = mc 2 . In that equation, E stands for the energy of
an object, m its mass, and c is the speed of light. Since
the factor c 2 is a constant, Einstein’s equation is
basically saying that mass is a form of energy. The c 2
is there because mass and energy were initially thought
to be different quantities with different units like kilograms and joules. The c 2 simply converts mass units
into energy units.
What is amazing is the amount of energy that is in the
form of mass. If you could convert all the mass of a
pencil eraser into electrical energy, and sell the electrical energy at the going rate of 10¢ per kilowatt hour,
you would get about 10 million dollars for it. The
problem is converting the mass to another, more useful,
form of energy. If you can do the conversion, however,
the results can be spectacular or terrible. Atomic and
hydrogen bombs get their power from the conversion
of a small fraction of their mass energy into thermal
energy. The sun gets its energy by “burning” hydrogen
nuclei to form helium nuclei. The energy comes from
the fact that a helium nucleus has slightly less mass than
the hydrogen nuclei out of which it was formed.
If you have a particle at rest and start it moving, the
particle gains kinetic energy. In Einstein’s view the
particle at rest has energy due to its rest mass. When
you start the particle moving, it gains energy, and since
mass is equivalent to energy, it also gains mass. For
most familiar speeds the increase in mass due to kinetic
energy is very small. Even at the speeds travelled by
rockets and spacecraft, the increase in mass due to
kinetic energy is hardly noticeable. Only when a
particle’s speed gets up near the speed of light does the
increase in mass become significant.
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One of the first things we discussed about the behavior
of matter is that nothing can travel faster than the speed
of light. You might have wondered if nature had traffic
cops to enforce this speed limit. It does not need one,
it uses a law of nature instead. As the speed of an object
approaches the speed of light, its mass increases. The
closer to the speed of light, the greater increase in mass.
To push a particle up to the speed of light would give
it an infinite mass and therefore require an infinite
amount of energy. Since that much energy is not
available, no particle is going to exceed nature’s speed
limit.
This raises one question. What about photons? They
are particles of light and therefore travel at the speed of
light. But their energy is not infinite. It depends instead
on the wavelength or color of the photon. Photons
escape the rule about mass increasing with speed by
starting out with no rest mass. You stop a photon and
nothing is left. Photons can only exist by traveling at
the speed of light.
When a particle is traveling at speeds close enough to
the speed of light that its kinetic energy approaches its
rest mass energy, the particle behaves differently than
slowly moving particles. For example, push on a
slowly moving particle and you can make the particle
move faster. Push on a particle already moving at
nearly the speed of light, and you merely make the
particle more massive since it cannot move faster.
Since the relationship between mass and energy came
out of Einstein’s theory of relativity, we say that
particles moving near the speed of light obey relativistic mechanics while those moving slowly are nonrelativistic. Light is always relativistic, and all automobiles
on the earth are nonrelativistic.

ANTI-MATTER
Schrödinger’s equation for electron waves is a nonrelativistic theory. It accurately describes electrons that are
moving at speeds small compared to the speed of light.
This is fine for most studies in chemistry, where
chemical energies are much much less than rest mass
energies. You can see the difference for example by
comparing the energy released by a conventional chemical bomb and an atomic bomb.
Schrödinger of course knew Einstein’s theory of relativity, and initially set out to derive a relativistic wave
equation for the electron. This would be an equation
that would correctly explain the behavior of electrons
even as the speed of the electrons approached the speed
of light and their kinetic energy became comparable to
or even exceeded their rest mass energy.
Schrödinger did construct a relativistic wave equation.
The problem was that the equation had two solutions,
one representing ordinary electrons, the other an apparently impossible particle with a negative rest mass. In
physics and mathematics we are often faced with
equations with two or more solutions. For example, the
formula for the hypotenuse c of a right triangle with
sides of lengths a and b is
c2 = a2 + b2

c

b

a

This equation has two solutions, namely
c = + a 2 + b 2 and c = – a 2 + b 2 . The negative
solution does not give us much of a problem, we simply
ignore it.
Schrödinger could not ignore the negative mass solutions in his relativistic wave equation for the following
reason. If he started with just ordinary positive mass
electrons and let them interact, the equation predicted
that the negative mass solutions would be created! The
peculiar solutions could not be ignored if the equation
was to be believed. Only by going to his nonrelativistic
equation could Schrödinger avoid the peculiar solutions.
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A couple years later, Dirac tried again to develop a
relativistic wave equation for the electron. At first it
appeared that Dirac’s equation would avoid the negative mass solutions, but with little further work, Dirac
found that the negative mass solutions were still there.
Rather than giving up on his new equation, Dirac found
a new interpretation of these peculiar solutions. Instead
of viewing them as negatively charged electrons with
a negative mass, he could interpret them as positive
mass particles with a positive electric charge. According to Dirac’s equation, positive and negative charged
solutions could be created or destroyed in pairs. The
pairs could be created any time enough energy was
available.
Dirac predicted the existence of this positively charged
particle in 1929. It was not until 1933 that Carl
Anderson at Caltech, who was studying the elementary
particles that showered down from the sky (particles
called cosmic rays), observed a positively charged
particle whose mass was the same as that of the
electron. Named the positron, this particle was immediately identified as the positive particle expected from
Dirac’s equation.
In our current view of matter, all particles are described
by relativistic wave equations, and all relativistic wave
equations have two kinds of solutions. One solution is
for ordinary matter particles like electrons, protons,
and neutrons. The other solution, which we now call
antimatter, describes anti particles, the antielectron
which is the positron, and the antiproton and the
antineutron. Since all antiparticles can be created or
destroyed in particle-anti particle pairs, the antiparticle
has to have the opposite conserved property so that the
property will remain conserved. As an example, the
positron has the opposite charge as the electron so that
electric charge is neither created or destroyed when
electron-positron pairs appear or disappear.
While all particles have antiparticles, some particles
like the photon, have no conserved properties other
than energy. As a result, these particles are indistinguishable from their antiparticles.

PARTICLE NATURE OF FORCES
De Broglie got his idea for the wave nature of the
electron from the particle-wave nature of light. The
particle of light is the photon which can knock electrons
out of a metal surface. The wave nature is the wave of
electric and magnetic force that was predicted by
Maxwell’s theory. When you combine these two
aspects of light, you are led to the conclusion that
electric and magnetic forces are ultimately caused by
photons. We call any force resulting from electric or
magnetic forces as being due to the electric interaction.
The photon is the particle responsible for the electric
interaction.
Let us see how our picture of the hydrogen atom has
evolved as we have learned more about the particles
and forces involved. We started with a miniature solar
system with the heavy proton at the center and an
electron in orbit. The force was the electric force that
in many ways resembled the gravitational force that
keeps the earth in orbit around the sun. This picture
failed, however, when we tried to explain the light
radiated by heated hydrogen.
The next real improvement comes with Schrödinger’s
wave equation describing the behavior of the electron
in hydrogen. Rather than there being allowed orbits as
in Bohr’s model, the electron in Schrödinger’s picture
has allowed standing wave patterns. The chemical
properties of atoms can be deduced from these wave
patterns, and Schrödinger’s equation leads to accurate
predictions of the wavelengths of light radiated not
only by hydrogen but other atoms as well.
There are two limitations to Schrödinger’s equation.
One of the limitations we have seen is that it is a non
relativistic equation, an equation that neglects any
change in the electron’s mass due to motion. While this
is a very good approximation for describing the slow
speed electron in hydrogen, the wavelengths of light
radiated by hydrogen can be measured so accurately
that tiny relativistic effects can be seen. Dirac’s relativistic wave equation is required to explain these tiny
relativistic corrections.
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The second limitation is that neither Schrödinger’s or
Dirac’s equations take into account the particle nature
of the electric force holding hydrogen together. In the
hydrogen atom, the particle nature of the electric force
has only the very tiniest effect on the wavelength of the
radiated light. But even these effects can be measured
and the particle nature must be taken into account. The
theory that takes into account both the wave nature of
the electron and the particle nature of the electric force
is called quantum electrodynamics, a theory finally
developed in 1947 by Richard Feynman and Julian
Schwinger. Quantum electrodynamics is the most
precisely tested theory in all of science.

Renormalization
The early attempts to construct the theory of quantum
electrodynamics were plagued by infinities. What
would happen is that you would do an initial approximate calculation and the results would be good. You
would then try to improve the results by calculating
what were supposed to be tiny corrections, and the
corrections turned out to be infinitely large. One of the
main accomplishments of Feynman and Schwinger
was to develop a mathematical procedure, sort of a
mathematical slight of hand, that got rid of the infinities. This mathematical procedure became known as
renormalization.

In our current picture of the hydrogen atom, as described by quantum electrodynamics, the force between the electron and the proton nucleus is caused by
the continual exchange of photons between the two
charged particles. While being exchanged, the photon
can do some subtle things like create a positron electron
pair which quickly annihilates. These subtle things
have tiny but measurable effects on the radiated wavelengths, effects that correctly predicted by the theory.

Feynman always felt that renormalization was simply
a trick to cover up our ignorance of a deeper more
accurate picture of the electron. I can still hear him
saying this during several seminars. It turned out
however that renormalization became an important
guide in developing theories of other forces. We will
shortly encounter two new forces as we look down into
the atomic nucleus, forces called the nuclear interaction and the weak interaction. Both of these forces
have a particle-wave nature like the electric interaction,
and the successful theories of these forces used
renormalization as a guide.

The development of quantum electrodynamics came
nearly 20 years after Dirac’s equation because of
certain mathematical problems the theory had to overcome. In this theory, the electron is treated as a point
particle with no size. The accuracy of the predictions
of quantum electrodynamics is our best evidence that
this is the correct picture. In other words, we have no
evidence that the electron has a finite size, and a very
accurate theory which assumes that it does not. However, it is not easy to construct a mathematical theory in
which a finite amount of mass and energy is crammed
into a region of no size. For one thing you are looking
at infinite densities of mass and energy.

Figure 8-33

Einstein’s theory of gravity predicted that Mercury’s
elliptical orbit “precessed” or rotated somewhat like the
rotation seen in the above orbit. Mercury’s precession
is much, much smaller.
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Gravity
The one holdout, the one force for which we do not
have a successful theory, is gravity. We have come a
long way since Newton’s law of gravity. After Einstein
developed his theory of relativity in 1905, he spent the
next 12 years working on a relativistic theory of
gravity. The result, known as general relativity, is a
theory of gravity that is in many ways similar to
Maxwell’s theory of electricity. Einstein’s theory
predicts, for example, that a planet in orbit about a star
should emit gravitational waves in much the same way
that Maxwell’s theory predicts that an electron in orbit
about a nucleus should emit electromagnetic radiation
or light.
One of the difficulties working with Einstein’s theory
of gravity is that Newton’s theory of gravity explains
almost everything we see, and you have to look very
hard in places where Newton’s law is wrong and
Einstein’s theory is right. There is an extremely small
but measurable correction to the orbit of Mercury that
Newton’s theory cannot explain and Einstein’s theory
does.
Einstein’s theory also correctly predicts how much
light will be deflected by the gravitational attraction of
a star. You can argue that because light has energy and
energy is equivalent to mass, Newton’s law of gravity
should also predict that starlight should be deflected by
the gravitational pull of a star. But this Newtonian
argument leads to half the deflection predicted by
Einstein’s theory, and the deflection predicted by Einstein is observed.
The gravitational radiation predicted by Einstein’s
theory has not been detected directly, but we have very
good evidence for its existence. In 1974 Joe Taylor
from the University of Massachusetts, working at the
large radio telescope at Arecibo discovered a pair of
neutron stars in close orbit about each other. We will
have more to say about neutron stars later. The point is
that the period of the orbit of these stars can be
measured with extreme precision.

Einstein’s theory predicts that the orbiting stars should
radiate gravitational waves and spiral in toward each
other. This is reminiscent of what we got by applying
Maxwell’s theory to the electron in hydrogen, but in the
case of the pair of neutron stars the theory worked. The
period of the orbit of these stars is changing in exactly
the way one would expect if the stars were radiating
gravitational waves.
If our wave-particle picture of the behavior of matter is
correct, then the gravitational waves must have a
particle nature like electromagnetic waves. Physicists
call the gravitational particle the graviton. We think we
know a lot about the graviton even though we have not
yet seen one. The graviton should, like the photon,
have no rest mass, travel at the speed of light, and have
the same relationship between energy and wavelength.
One difference is that because the graviton has energy
and therefore mass, and because gravitons interact with
mass, gravitons interact with themselves. This self
interaction significantly complicates the theory of gravity. In contrast photons interact with electric charge,
but photons themselves do not carry charge. As a
result, photons do not interact with each other which
considerably simplifies the theory of the electric interaction.
An important difference between the graviton and the
photon, what has prevented the graviton from being
detected, is its fantastically weak interaction with matter. You saw that the gravitational force between the
electron and a proton is a thousand billion billion billion
billion times weaker than the electric force. In effect
this makes the graviton a thousand billion billion
billion billion times harder to detect. The only reason
we know that this very weak force exists at all is that it
gets stronger and stronger as we put more and more
mass together, to form large objects like planets and
stars.
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Not only do we have problems thinking of a way to
detect gravitons, we have run into a surprising amount
of difficulty constructing a theory of gravitons. The
theory would be known as the quantum theory of
gravity, but we do not yet have a quantum theory of
gravity. The problem is that the theory of gravitons
interacting with point particles, the gravitational analogy of quantum electrodynamics, does not work. The
theory is not renormalizable, you cannot get rid of the
infinities. As in the case of the electric interaction the
simple calculations work well, and that is why we think
we know a lot about the graviton. But when you try to
make what should be tiny relativistic corrections, the
correction turns out to be infinite. No mathematical
slight of hand has gotten rid of the infinities.
The failure to construct a consistent quantum theory of
gravity interacting with point particles has suggested to
some theoretical physicists that our picture of the
electron and some other particles being point particles
is wrong. In a new approach called string theory, the
elementary particles are view not as point particles but
instead as incredibly small one dimensional objects
called strings. The strings vibrate, with different
modes of vibration corresponding to different elementary particles.
String theory is complex. For example, the strings exist
in a world of 10 dimensions, whereas we live in a world
of 4 dimensions. To make string theory work, you have
to explain what happened to the other six dimensions.
Another problem with string theory is that it has not led
to any predictions that distinguish it from other theories. There are as yet no tests, like the deflection of
starlight by the sun, to demonstrate that string theory is
right and other theories are wrong.
String theory does, however, have one thing going for
it. By spreading the elementary particles out from zero
dimensions (points) to one dimensional objects (strings),
the infinities in the theory of gravity can be avoided.

A SUMMARY
Up to this point our focus has been on the hydrogen
atom. The physical magnification has not been too
great, we are still picturing the atom as an object
magnified to the size of a basketball with two particles,
the electron and proton, that are too small to see. They
may or may not have some size, but we cannot tell at
this scale.
What we have done is change our perception of the
atom. We started with a picture that Newton would
recognize, of a small solar system with the massive
proton at the center and the lighter electron held in orbit
by the electric force. When we modernize the picture
by including Maxwell’s theory of electricity and magnetism, we run into trouble. We end up predicting that
the electron will lose energy by radiating light, soon
crashing into the proton. Bohr salvaged the picture by
introducing his allowed orbits and quantized angular
momentum, but the success of Bohr’s theory only
strengthened the conviction that something was fundamentally wrong with classical physics.
Louis de Broglie pointed the way to a new picture of the
behavior of matter by proposing that all matter, not just
light, had a particle-wave nature. Building on de
Broglie’s idea, Schrödinger developed a wave equation that not only describes the behavior of the electron
in hydrogen, but in larger and more complex atoms as
well.
While Schrödinger’s non relativistic wave equation
adequately explains most classical phenomena, even in
the hydrogen atom, there are tiny but observable relativistic effects that Dirac could explain with his relativistic wave equation for the electron. Dirac handled the
problem of all relativistic wave equations having two
solutions by reinterpreting the second solution as representing antimatter.
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Dirac’s equation is still not the final theory for hydrogen because it does not take into account the fact that
electric forces are ultimately caused by photons. The
wave theory of the electron that takes the photon nature
of the electric force into account is known as quantum
electrodynamics. The predictions of quantum electrodynamics are in complete agreement with experiment,
it is the most precisely tested theory in science.
The problems resulting from treating the electron as a
point particle were handled in quantum electrodynamics by renormalization. Renormalization does not
work, however, when one tries to formulate a quantum
theory of gravity where the gravitational force particle—the graviton—interacts with point particles. This
has led some theorists to picture the electron not as a
point but as an incredibly small one dimensional object
called a string. While string theory is renormalizable,
there have been no experimental tests to show that
string theory is right and the point particle picture is
wrong. This is as far as we can take our picture of the
hydrogen atom without taking a closer look at the
nucleus.
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Isotopes of hydrogen and helium.
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THE NUCLEUS
To see the nucleus we have to magnify our hydrogen
atom to a size much larger than a basketball. When the
atom is enlarged so that it would just fill a football
stadium, the nucleus, the single proton, would be about
the size of a pencil eraser. The proton is clearly not a
point particle like the electron. If we enlarge the atom
further to get a better view of the nucleus, to the point
where the proton looks as big as a grapefruit, the atom
is about 10 kilometers in diameter. This grapefruit
sized object weighs 1836 times as much as the electron,
but it is the electron wave that occupies the 10 kilometer
sphere of space surrounding the proton.
Before we look inside the proton, let us take a brief look
at the nuclei of some other atoms. Once in a great while
you will find a hydrogen nucleus with two particles.
One is a proton and the other is the electrically neutral
particles called the neutron. Aside from the electric
charge, the proton and neutron look very similar. They
are about the same size and about the same mass. The
neutron is a fraction of a percent heavier than the
proton, a small mass difference that will turn out to have
some interesting consequences.
As we mentioned, the type of element is determined by
the number of protons in the nucleus. All hydrogen
atoms have one proton, all helium atoms 2 protons, etc.
But for the same element there can be different numbers of neutrons in the nucleus. Atoms with the same
numbers of protons but different numbers of neutrons
are called different isotopes of the element. Another
isotope of hydrogen, one that is unstable and decays in
roughly 10 years, is a nucleus with one proton and two
neutrons called tritium.
The most stable isotope of helium is helium 4, with 2
protons and 2 neutrons. Helium 3 with 2 protons and
one neutron is stable but very rare. Once we get beyond
hydrogen we name the different isotopes by adding a
number after the name, a number representing the total
number of protons and neutrons. For example the
heaviest, naturally occurring atom is the isotope Uranium 238, which has 92 protons and 146 neutrons for
a total of 238 nuclear particles, or nucleons as we
sometimes refer to them.
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The nucleons in a nucleus pack together much like the
grapes in a bunch, or like a bag of grapefruit. At our
enlargement where a proton looks as big as a grapefruit,
the uranium nucleus would be just over half a meter in
diameter, just big enough to hold 238 grapefruit.
When you look at a uranium nucleus with its 92
positively charged protons mixed in with electrically
neutral neutrons, then you have to wonder, what holds
the thing together? The protons, being all positively
charged, all repel each other. And because they are so
close together in the nucleus, the repulsion is extremely
strong. It is much stronger than the attractive force felt
by the distant negative electrons. There must be
another kind of force, and attractive force, that keeps
the protons from flying apart.
The attractive force is not gravity. Gravity is so weak
that it is virtually undetectable on an atomic scale. The
attractive force that overpowers the electric repulsion is
called the nuclear force. The nuclear force between
nucleons is attractive, and essentially blind to the
difference between a proton and a neutron. To the
nuclear force, a proton and a neutron look the same.
The nuclear force has no effect whatsoever on an
electron.

One of the important features of the nuclear force
between nucleons is that it has a short range. Compared
to the longer range electric force, the nuclear force is
more like a contact cement. When two protons are next
to each other, the attractive nuclear force is stronger
than the electric repulsion. But separate the protons by
more than about 4 protons diameters and the electric
force is stronger.
If you make nuclei by adding nucleons to a small
nucleus, the object becomes more and more stable
because all the nucleons are attracting each other. But
when you get to nuclei whose diameter exceeds around
4 proton diameters, protons on opposite sides of the
nucleus start to repel each other. As a result nuclei
larger than that become less stable as you make them
bigger. The isotope Iron 56 with 26 protons and 30
neutrons, is about 4 proton diameters across and is the
most stable of all nuclei. When you reach Uranium
which is about 6 proton diameters across, the nucleus
has become so unstable that if you jostle it by hitting it
with a proton, it will break apart into two roughly equal
sized more stable nuclei. Once apart, the smaller nuclei
repel each other electrically and fly apart releasing
electric potential energy. This process is called nuclear
fission and is the source of energy in an atomic bomb.
While energy is released when you break apart the
large unstable nuclei, energy is also released when you
add nucleons to build up the smaller, more stable
nuclei. For example, if you start with four protons (four
hydrogen nuclei), turn two of the protons into neutrons
(we will see how to do this shortly) and put them
together to form stable helium 4 nucleus, you get a
considerable release of energy. You can easily figure
out how much energy is released by noting that 4
protons have a mass that is about .7 percent greater than
a helium nucleus. As a result when the protons
combine to form helium, about .7 percent of their mass
is converted to other forms of energy. Our sun is
powered by this energy release as it “burns” hydrogen
to form helium. This process is called nuclear fusion
and is the source of the energy of the powerful hydrogen bombs.

Figure 19-1

Styrofoam ball model of the uranium nucleus..
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STELLAR EVOLUTION
Our sun is about half way through burning up the
hydrogen in its hot, inner core. When the hydrogen is
exhausted in another 5 billion years, the sun will
initially cool and start to collapse. But the collapse will
release gravitational potential energy that makes the
smaller sun even hotter than it was before running out
of hydrogen. The hotter core will emit so much light
that the pressure of the light will expand the surface of
the sun out beyond the earth’s orbit, and the sun will
become what is known as a red giant star. Soon, over
the astronomically short time of a few million years, the
star will cool off becoming a dying, dark ember about
the size of the earth. It will become what is known as
a black dwarf.
If the sun had been more massive when the hydrogen
ran out and the star started to collapse, then more
gravitational potential energy would have been released. The core would have become hotter, hot enough
to ignite the helium to form the heavier nucleus carbon.
Higher temperatures are required to burn helium because the helium nuclei, with two protons, repel each
other with four times the electric repulsion than hydrogen nuclei. As a result more thermal energy is required
to slam the helium nuclei close enough for the attractive
nuclear force to take over.

What is left behind of the core of the star depends on
how massive the star was to begin with. If what remains
of the core is 1.4 times as massive as our sun, then the
gravitational force will be strong enough to cram the
electrons into the nuclei, turning all the protons into
neutrons, and leaving behind a ball of neutrons about
20 kilometers in diameter. This is called a neutron star.
A neutron star is essentially a gigantic nucleus held
together by gravity instead of the nuclear force.
If you think that squeezing the mass of a star into a ball
20 kilometers in diameter is hard to picture (at this
density all the people on the earth would fit into the
volume of a raindrop), then consider what happens if
the remaining core is about six times as massive as the
sun. With such mass, the gravitational force is so strong
that the neutrons are crushed and the star becomes
smaller and smaller.
The matter in a neutron star is about as rigid as matter
can get. The more rigid a substance is, the faster sound
waves travel through the substance. For example,
sound travels considerably faster through steel than air.
The matter in a neutron star is so rigid, or shall we say
so incompressible, that the speed of sound approaches
the speed of light.

Once the helium is burned up, the star again starts to
cool and contract, releasing more gravitational potential energy until it becomes hot enough to burn the
carbon to form oxygen nuclei. This cycle keeps
repeating, forming one element after another until we
get to Iron 56. When you have an iron core and the star
starts to collapse and gets hotter, the iron does not burn.
You do not get a release of energy by making nuclei
larger than iron. As a result the collapse continues
resulting in a huge implosion.
Once the center collapses, a strong shock wave races
out through the outer layers of the star, tearing the star
apart. This is called a supernova explosion. It is in
these supernova explosions with their extremely high
temperatures that nuclei larger than iron are formed.
All the elements inside of you that are down the
periodic table from iron were created in a supernova.
Part of you has already been through a supernova
explosion.

Figure 4

1987 supernova as seen by the Hubble telescope.

Int-20

An Overview of Physics

When gravity has crushed the neutrons in a neutron
star, it has overcome the strongest resistance any
known force can possibly resist. But, as the collapse
continues, gravity keeps getting stronger. According
to our current picture of the behavior of matter, a rather
unclear picture in this case, the collapse continues until
the star becomes a point with no size. Well before it
reaches that end, gravity has become so strong that light
can no longer escape, with the result that these objects
are known as black holes.
We have a fuzzy picture of what lies at the center of a
black hole because we do not have a quantum theory of
gravity. Einstein’s classical theory of gravity predicts
that the star collapses to a point, but before that happens
we should reach a state where the quantum effects of
gravity are important. Perhaps string theory will give
us a clue as to what is happening. We will not learn by
looking because light cannot get out.
The formation of neutron stars and black holes emphasizes an important feature of gravity. On an atomic
scale, gravity is the weakest of the forces we have
discussed so far. The gravitational force between an
electron and a proton is a thousand billion billion billion
billion ( 10 39 ) times weaker than the electric force. Yet
because gravity is long range like the electric force, and
has no cancellation, it ends up dominating all other
forces, even crushing matter as we know it, out of
existence.

The Weak Interaction
In addition to gravity, the electric interaction and the
nuclear force, there is one more basic force or interaction in nature given the rather bland name the weak
interaction. While considerably weaker than electric
or nuclear forces, it is far far stronger than gravity on a
nuclear scale.
A distinctive feature of the weak interaction is its very
short range. A range so short that only with the
construction of the large accelerators since 1970 has
one been able to see the weak interaction behave more
like the other forces. Until then, the weak interaction
was known only by reactions it could cause, like
allowing a proton to turn into a neutron or vice versa.
Because of the weak interaction, an individual neutron
is not stable. Within an average time of about 10
minutes it decays into a proton and an electron. Sometimes neutrons within an unstable nucleus also decay
into a proton and electron. This kind of nuclear decay
was observed toward the end of the nineteenth century
when knowledge of elementary particles was very
limited, and the electrons that came out in these nuclear
decays were identified as some kind of a ray called a
beta ray. (There were alpha rays which turned out to
be helium nuclei, beta rays which were electrons, and
gamma rays which were photons.) Because the electrons emitted during a neutron decay were called beta
rays, the process is still known as the beta decay
process.
The electron is emitted when a neutron decays in order
to conerve electric charge. When the neutral neutron
decays into a positive proton, a negatively charged
particle must also be emitted so that the total charge
does not change. The lightest particle available to carry
out the negative charge is the electron.

Figure 5

Hubble telescope’s first view of a lone neutron star in
visible light. This star is no greater than 16.8 miles (28
kilometers) across.

Early studies of the beta decay process indicated that
while electric charge was conserved, energy was not.
For example, the rest mass of a neutron is nearly 0.14
percent greater than the rest mass of a proton. This
mass difference is about four times larger than the rest
mass of the electron, thus there is more than enough
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mass energy available to create the electron when the
neutron decays. If energy is conserved, you would
expect that the energy left over after the electron is
created would appear as kinetic energy of the electron.
Careful studies of the beta decay process showed that
sometimes the electron carried out the expected amount
of energy and sometimes it did not. These studies were
carried out in the 1920s, when not too much was known
about nuclear reactions. There was a serious debate
about whether energy was actually conserved on the
small scale of the nucleus.
In 1929, Wolfgang Pauli proposed that energy was
conserved, and that the apparenty missing energy was
carried out by an elusive particle that had not yet been
seen. This elusive particle, which became known as the
neutrino or “little neutral one”, had to have some rather
peculiar properties. Aside from being electrically
neutral, it had to have essentially no rest mass because
in some reactions the electron was seen to carry out all
the energy, leaving none to create a neutrino rest mass.
The most bizarre property f the neutrino was its
undetectability. It had to pass through matter leaving
no trace. It was hard to believe such a particle could
exist, yet on the other hand, it was hard to believe
energy was not conserved. The neutrino was finally
detected thirty years later and we are now quite confident that energy is conserved on the nuclear scale.
The neutrino is elusive because it interacts with matter
only through the weak interaction (and gravity). Photons interact via the strong electric interaction and are
quickly stopped when they encounter the electric charges
in matter. Neutrinos can pass through light years of
lead before there is a good chance that they will be
stopped. Only in the collapsing core of an exploding
star or in the very early universe is matter dense enough
to significantly absorb neutrinos. Because neutrinos
have no rest mass, they, like photons, travel at the speed
of light.

Leptons
We now know that neutrinos are emitted in the beta
decay process because of another conservation law, the
conservation of leptons. The leptons are a family of
light particles that include the electron and the neutrino.
When an electron is created, an anti neutrino is also
created so that the number of leptons does not change.
Actually there are three distinct conservation laws for
leptons. The lepton family consists of six particles, the
electron, two more particles with rest mass and three
different kinds of neutrino. The other massive particles
are the muon which is 207 times as massive as the
electron, and the recently discovered tau particle which
is 3490 times heavier. The three kinds of neutrino are
the electron type neutrino, the muon type neutrino
and the tau type neutrino. The names come from the
fact that each type of particle is separately conserved.
For example when a neutron decays into a proton and
an electron is created, it is an anti electron type neutrino that is created at the same time to conserve
electron type particles.
In the other common beta decay process, where a
proton turns into a neutron, a positron is created to
conserve electric charge. Since the positron is the anti
particle of the electron, its opposite, the electron type
neutrino, must be created to conserve leptons.
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Nuclear Structure
The light nuclei, like helium, carbon, oxygen, generally have about equal numbers of protons and neutrons.
As the nuclei become larger we find a growing excess
of neutrons over protons. For example when we get up
to Uranium 238, the excess has grown to 146 neutrons
to 92 protons.
The most stable isotope of a given element is the one
with the lowest possible energy. Because the weak
interaction allows protons to change into neutrons and
vice versa, the number of protons and neutrons in a
nucleus can shift until the lowest energy combination
is reached.
Two forms of energy that play an important role in their
proess are the extra mass energy of the neutrons, and
the electric potential energy of the protons. It takes a lot
f to shove two protons together against their electric
repulsion. The work you do in shoving them together
is stored as electric potential energy which will be
released if you let go and the particles fly apart. This
energy will not be released, however, if the protons are
latched together by the nuclear force. But in that case
the electric potential energy can be released by turning
one of the protons into a neutron. This will happen if
enough electric potential energy is available not only to
create the extra neutron rest mass energy, but also the
positron required to conserve electric charge.
The reason that the large nuclei have an excess of
neutrons over protons is that electric potential energy
increases faster with increasing number of protons than
neutron mass energy does with increasing numbers of
neutrons. The amount of extra neutron rest mass
energy is more or less proportional to the number of
neutrons. But the increase in electric potential energy
as you add a proton depends on the number of protons
already in the nucleus. The more protons already there,
the stronger the electric repulsion when you try to add
another proton, and the greater the potential energy
stored. As a result of this increasing energy cost of
adding more protons, the large nuclei find their lowest
energy balance having an excess of neutrons.

A CONFUSING PICTURE
By 1932, the basic picture of matter looked about as
simple as it can possibly get. The elementary particles
were the proton, neutron, and electron. Protons and
neutrons were held together in the nucleus by the
nuclear force, electrons were bound to nuclei by the
electric force to form atoms, a residual of the electric
force held atoms together to form molecules, crystals
and living matter, and gravity held large chunks of
matter together for form planets, stars and galaxies.
The rules governing the behavior of all this was quantum mechanics on a small scale, which became Newtonian mechanics on the larger scale of our familiar
world. There were a few things still to be straightened
out, such as the question as to whether energy was
conserved in beta decays, and in fact why beta decays
occurred at all, but it looked as if these loose ends
should be soon tied up.
The opposite happened. By 1960, there were well over
100 so called elementary particles, all of them unstable
except for the familiar electron, proton and neutron.
Some lived long enough to travel kilometers down
through the earth’s atmosphere, others long enough to
be observed in particle detectors. Still others had such
short lifetimes that, even moving at nearly the speed of
light, they could travel only a few proton diameters
before decaying. With few exceptions, these particles
were unexpected and their behavior difficult to explain.
Where they were expected, they were incorrectly identified.
One place to begin the story of the progression of
unexpected particles is with a prediction made in 1933
by Heidi Yukawa. Yukawa proposed a new theory of
the nuclear force. Noting that the electric force was
ultimately caused by a particle, Yukawa proposed that
the nuclear force holding the protons and neutrons
together in the nucleus was also caused by a particle, a
particle that became known as the nuclear force meson. The zero rest mass photon gives rise to the long
range electric force. Yukawa developed a wave equation for the nuclear force meson in which the range of
the force depends on the rest mass of the meson. The
bigger the rest mass of the meson, the shorter the range.
(Later in the text, we will use the uncertainty principle
to explain this relationship between the range of a force
and the rest mass of the particle causing it.)
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From the fact that iron is the most stable nucleus,
Yukawa could estimate that the range of the nuclear
force is about equal to the diameter of an iron nucleus,
about four proton diameters. From this, he predicted
that the nuclear force meson should have a rest mass
bout 300 times the rest mass of the electron (about 1/6
the rest mass of a proton).
Shortly after Yukawa’s prediction, the muon was
discovered in the rain of particles that continually strike
the earth called cosmic rays. The rest mass of the muon
was found to be about 200 times that of the electron, not
too far off the predicted mass of Yukawa’s particle. For
a while the muon was hailed as Yukawa’s nuclear force
meson. But further studies showed that muons could
travel considerable distances through solid matter. If
the muon were the nuclear force meson, it should
interact strongly with nuclei and be stopped rapidly.
Thus the muon was seen as not being Yukawa’s
particle. Then there was the question of what role the
muon played. Why did nature need it?

boggling to think of the nuclear force as being caused
by over 100 different kinds of mesons, while the
electric force had only one particle, the photon.
One of the helpful ways of viewing matter at that time
was to identify each of the particle decays with one of
the four basic forces. The very fastest decays were
assumed to be caused by the strong nuclear force.
Decays that were about 100 times slower were identified with the slightly weaker electric force. Decays that
took as long as a billionth of a second, a relatively long
lifetime, were found to be caused by the weak interaction. The general scheme was the weaker the force, the
longer it took to cause a particle decay.

In 1947 another particle called the π meson was
discovered. (There were actually three π mesons, one
with a positive charge, the π + , one neutral, the π ° , and
one with a negative charge, the π – .) The π mesons
interacted strongly with nuclei, and had the mass close
to that predicted by Yukawa, 274 electron masses. The
π mesons were then hailed as Yukawa’s nuclear force
meson.
However, at almost the same time, another particle
called the K meson, 3.5 times heavier than the π
meson, was discovered. It also interacted strongly with
nuclei and clearly played a role in the nuclear force.
The nuclear force was becoming more complex than
Yukawa had expected.
Experiments designed to study the π and K mesons
revealed other particles more massive than protons and
neutrons that eventually decayed into protons and
neutrons. It became clear that the proton and neutron
were just the lightest members of a family of proton like
particles. The number of particles in the proton family
was approaching 100 by 1960. During this time it was
also found that the π and K mesons were just the
lightest members of another family of particles whose
number exceeded 100 by 1960. It was rather mind

Figure 6
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QUARKS
The mess seen in 1960 was cleaned up, brought into
focus, primarily by the work of Murray Gell-Mann. In
1961 Gell-Mann and Yval Neuman found a scheme
that allowed one to see symmetric patterns in the
masses and charges of the various particles. In 1964
Gell-Mann and George Zweig discovered what they
thought was the reason for the symmetries. The
symmetries would be the natural result if the proton and
meson families of particles were made up of smaller
particles which Gell-Mann called quarks.
Initially Gell-Mann proposed that there were three
different kinds of quark, but the number has since
grown to six. The lightest pair of the quarks, the so
called up quark and down quark are found in protons
and neutrons. If the names “up quark” and “down
quark” seem a bit peculiar, they are not nearly as
confusing as the names strange quark, charm quark,
bottom quark and top quark given the other four
members of the quark family. It is too bad that the
Greek letters had been used up naming other particles.
In the quark model, all members of the proton family
consist of three quarks. The proton and neutron, are
made from the up and down quarks. The proton
consists of two up and one down quark, while the
neutron is made from one up and two down quarks. The
weak interaction, which as we saw can change protons
into neutrons, does so by changing one of the proton’s
up quarks into a down quark.
The π meson type of particles, which were thought to
be Yukawa’s nuclear force particles, turned out instead
to be quark-antiquark pairs. The profusion of what
were thought to be elementary particles in 1960 resulted from the fact that there are many ways to
combine three quarks to produce members of the

proton family or a quark and an antiquark to create a
meson. The fast elementary particle reactions were the
result of the rearrangement of the quarks within the
particle, while the slow reactions resulted when the
weak interaction changed one kind of quark into another.
A peculiar feature of the quark model is that quarks
have a fractional charge. In all studies of all elementary particles, charge was observed to come in units of
the amount of charge on the electron. The electron had
(–1) units, and the neutron (0) units. All of the more
than 100 “elementary” particles had either +1, 0, or –1
units of change. Yet in the quark model, quarks had a
charge of either (+2/3) units like the up quark or (-1/3)
units like the down quark. (The anti particles have the
opposite charge, -2/3 and +1/3 units respectively.) You
can see that a proton with two up and one down quark
has a total charge of (+2/3 +2/3 -1/3) = (+1) units, and
the neutron with two down and one up quark has a total
charge (-1/3 -1/3 +2/3) = (0) units.
The fact that no one had ever detected an individual
quark, or ever seen a particle with a fractional charge,
made the quark model hard to accept at first. When
Gell-Mann initially proposed the model in 1963, he
presented it as a mathematical construct to explain the
symmetries he had earlier observed.
The quark model gained acceptance in the early 1970s
when electrons at the Stanford high energy accelerator
were used to probe the structure of the proton. This
machine had enough energy, could look in sufficient
detail to detect the three quarks inside. The quarks were
real.
In 1995, the last and heaviest of the six quarks, the top
quark, was finally detected at the Fermi Lab Accelerator. The top quark was difficult to detect because it is
185 times as massive as a proton. A very high energy
accelerator was needed to create and observe this
massive particle.
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With the quark model, our view of matter has become
relatively simple again: there are two families of particles called quarks and leptons. Each family contains
six particles. It is not a coincidence that there are the
same number of particles in each family. In the current
theory of matter called the standard model, each pair
of leptons is intimately connected to a pair of quarks.
The electron type leptons are associated with the down
and up quarks, the muon and muon type neutrino with
the strange and charm quarks, and the tau and tau type
neutrino with the bottom and top quarks.

Our picture of the four basic interactions has also
become clearer since the early 1930s. The biggest
change is in our view of the nuclear force. The basic
nuclear force is now seen to be the force between
quarks that holds them together to form protons, neutrons and other particles. What we used to call the
nuclear force, that short range force binding protons
and neutrons together in a nucleus, is now seen as a
residual effect of the force between quarks. The old
nuclear force is analogous to the residual electric force
that binds complete atoms together to form molecules.

Are there more than six quarks and six leptons? Are
there still heavier lepton neutrino pairs associated with
still heavier quarks? That the answer is no, that six is
the limit, first came not from accelerator experiments,
but from studies of the early universe. Here we have a
question concerning the behavior of matter on the very
smallest of scales of distance, at the level of quarks
inside proton like particles, and we find the answer by
looking at matter on the very largest of scales, the entire
universe. The existence of more than six leptons and
quarks would have altered the relative abundance of
hydrogen, deuterium, and helium remaining after the
big bang. It would have led to an abundance that is not
consistent with what we see now. Later experiments
with particle accelerators confirmed the results we first
learned from the early universe.

As the electric interaction is caused by a particle, the
photon, the nuclear force is also caused by particles,
eight different ones called gluons. The nuclear force is
much more complex than the electric force because
gluons not only interact with quarks, they also interact
with themselves. This gives rise to a very strange force
between quarks. Other forces get weaker as you
separate the interacting particles. The nuclear force
between quarks gets stronger! As a result quarks are
confined to live inside particles like protons, neutrons
and mesons. This is why we have still never seen an
individual quark or an isolated particle with a fractional
charge.

Figure 28-29

Figure 28-28

Fermi Lab accelerator where the
top quark was first observed.

Fermi Lab accelerator magnets.
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THE ELECTROWEAK THEORY
Another major advance in our understanding of the
nature of the basic interactions came in 1964 when
Steven Weinberg, Abdus Salam and Sheldon Glashow
discovered a basic connection between the electric and
weak interactions. Einstein had spent the latter part of
his life trying without success to unify, find a common
basis for, the electric and the gravitational force. It
came somewhat as a surprise that the electric and weak
interactions, which appear so different, had common
origins. Their theory of the two forces is known as the
electroweak theory.
In the electroweak theory, if we heat matter to a
temperature higher than 1000 billion degrees, we will
find that the electric and weak interaction are a single
force. If we then let the matter cool, this single
electroweak force splits into the two separate forces,
the electric interaction and the weak interaction. This
splitting of the forces is viewed as a so called phase
transition, a transition in the state of matter like the one
we see when water turns to ice at a temperature of 0°C.
The temperature of the phase transition for the
electroweak force sounds impossibly hot, but it is
attainable if we build a big enough accelerator. The

cancelled superconducting supercollider was supposed
to allow us to study the behavior of matter at these
temperatures.
One of the major predictions of the electroweak theory
was that after the electric and weak interactions had
separated, electric forces should be caused by zero rest
mass photons and the weak interaction should be
caused by three rather massive particles given the
names W + , W – and Z 0 mesons. These mesons were
found, at their predicted mass, in a series of experiments performed at CERN in the late 1970s.
We have discussed Yukawa’s meson theory of forces,
a theory in which the range of the force is related to the
rest mass of the particle responsible for the force. As
it turns out, Yukawa’s theory does not work for nuclear
forces for which it was designed. The gluons have zero
rest mass but because of their interaction, gives rise to
a force unlike any other. What Yukawa’s theory does
describe fairly well is the weak interaction. The very
short range of the weak interaction is a consequence of
the large masses of the weak interaction mesons W + ,
W – and Z 0 . (The W mesons are 10 times as massive
as a proton, the Z 0 is 11 times as massive.)

Figure 28-30

Paths for the large particle accelerators at CERN. The Geneva airport is in the foreground.
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THE EARLY UNIVERSE
In the reverse motion picture of the expanding universe, the universe becomes smaller and smaller and
hotter as we approach the big bang that created it. How
small and how hot are questions we are still studying.
But it now seems that with reasonable confidence we
can apply the laws of physics to a universe that is about
one nanosecond old and at a temperature of three
hundred thousand billion degrees. This is the temperature of the electroweak transition where the weak and
electric interactions become separate distinct forces.
We have some confidence in our knowledge of the
behavior of matter at this temperature because this
temperature is being approached in the largest of the
particle accelerators.
3 ×1014 degrees

At three hundred thousand billion degrees the only
structures that survive the energetic thermal collisions
are the elementary particles themselves. At this time
the universe consists of a soup of quarks and anti
quarks, leptons and anti leptons, gravitons and gluons.
Photons and the weak interaction mesons W + , W –
and Z ° are just emerging from the particle that gave
rise to the electroweak force. The situation may not
actually be that simple. When we get to that temperature we may find some of the exotic elementary particles suggested by some recent attempts at a quantum
theory of gravity.
13

10 degrees

When the universe reaches the ripe old age of a
millionth of a second, the time it takes light to travel
1000 feet, the temperature has dropped to 10 thousand
billion degrees. At these temperatures the gluons are
able to hold the quarks together to form protons,
neutrons, mesons, and their anti particles. It is still
much too hot, however, for protons and neutrons to
stick together to form nuclei.
When we look closely at the soup of particles at 10
thousand billion degrees, there is activity in the form of
the annihilation and creation of particle-antiparticle
pairs. Proton-antiproton pairs, for example, are rapidly
annihilating, turning into photons and mesons. But just
as rapidly photons and mesons are creating protonantiproton pairs.

In the next 10 millionths of a second the universe
expands and cools to a point where the photons and
mesons no longer have enough energy to recreate the
rapidly annihilating proton and neutron pairs. Soon the
protons and neutrons and their antiparticles will have
essentially disappeared from the universe.
Matter particles survive

The protons and neutrons will have almost disappeared
but not quite. For some reason, not yet completely
understood, there was a tiny excess of protons
over
antiprotons
and
neutrons
over
antineutrons. The estimate is that there were
100,000,000,001 matter particles for every
100,000,000,000 antimatter particles. It was
the tiny excess of matter over antimatter that survived
the proton and neutron annihilation.
3 ×1010 degrees

After this annihilation, nothing much happens until the
universe approaches the age of a tenth of a second and
the temperature has dropped to 30 billion degrees.
During this time the particles we see are photons,
neutrinos and antineutrinos and electrons and positrons.
These particles exist in roughly equal numbers. The
electron-positron pairs are rapidly annihilating to produce photons, but the photons are equally rapidly
creating electron positron pairs.
38% neutrons

There are still the relatively few protons and neutrons
that survived the earlier annihilation. The weak interaction allows the protons to turn into neutrons and vice
versa, with the result there are roughly equal numbers
of protons and neutrons. The numbers are not quite
equal, however, because at those temperatures there is
a slightly greater chance for the heavier neutron to
decay into a lighter proton than vice versa. It is
estimated that the ratio of neutrons to protons has
dropped to 38% by the time the universe is .11 seconds
old. The temperature is still too high for protons and
neutrons to combine to form nuclei.
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Neutrinos escape at one second

Positrons annihilated

As we noted, neutrinos are special particles in that the
only way they interact with matter is through the weak
interaction. Neutrinos pass right through the earth with
only the slightest chance of being stopped. But the
early universe is so dense that the neutrinos interact
readily with all the other particles.

After about three minutes the positrons are gone and
from then on the universe consists of photons, neutrinos, anti neutrinos and the few matter particles. The
neutrinos are not interacting with anything, and the
matter particles are outnumbered by photons in a ration
of 100,000,000,000 to one. The photons essentially
dominate the universe.

When the universe reaches an age of about one second,
the expansion has reduced the density of matter to the
point that neutrinos can pass undisturbed through
matter. We can think of the neutrinos as decoupling
from matter and going on their own independent way.
From a time of one second on, the only thing that will
happen to the neutrinos is that they will continue to cool
as the universe expands. At an age of 1 second, the
neutrinos were at a temperature of 10 billion degrees.
By today they have cooled to only a few degrees above
absolute zero. This is our prediction, but these cool
neutrinos are too elusive to have been directly observed.
24% neutrons

Some other interesting things are also beginning to
happen at the time of 1 second. The photons have
cooled to a point that they just barely have enough
energy to create electron-positron pairs to replace those
that are rapidly annihilating. The result is that the
electrons and positrons are beginning to disappear. At
these temperatures it is also more favorable for neutrons to turn into protons rather than vice versa, with the
result that the ratio of neutrons to protons has dropped
to 24%.
3 ×109 degrees (13.8 seconds)

When the temperature of the universe has dropped to 3
billion degrees, at the time of 13.8 seconds, the energy
of the photons has dropped below the threshold of
being able to create electron-positron pairs and the
electrons and the positrons begin to vanish from the
universe. There was the same tiny excess of electrons
over positrons as there had been of protons over
antiprotons. Only the excess of electrons will survive.

Deuterium bottleneck

At the time of 13.8 seconds the temperature was 3
billion degrees, cool enough for helium nuclei to
survive. But helium nuclei cannot be made without
first making deuterium, and deuterium is not stable at
that temperature. Thus while there are still neutrons
around, protons and neutrons still cannot form nuclei
because of this deuterium bottleneck.
Helium created

When the universe reaches an age of three minutes and
2 seconds, and the ratio of neutrons to protons has
dropped to 13%, finally deuterium is stable. These
surviving neutrons are quickly swallowed up to form
deuterium which in turn combine to form the very
stable helium nuclei. Since there are equal numbers of
protons and neutrons in a helium nucleus, the 13% of
neutrons combined with an equal number of protons to
give 26% by weight of helium nuclei and 74% protons
or hydrogen nuclei.
By the time the helium nuclei form, the universe has
become too cool to burn the helium to form heavier
elements. The creation of the heavier elements has to
wait until stars begin to form one third of a million years
later.
The formation of elements inside of stars was the basis
of the continuous creation theory. As we mentioned,
one could explain the abundance of all the elements
except helium as being a by product of the evolution of
stars. To explain the helium abundance it was necessary to abandon his continuous creation theory and
accept that there might have been a big bang after all.
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The Thermal Photons
After the electron positron pairs had vanished, what is
left in the universe are the photons, neutrinos, anti
neutrinos, and the few matter particles consisting of
protons, helium nuclei and a trace of deuterium and
lithium. There are enough electrons to balance the
charge on the hydrogen and helium nuclei, but the
photons are energetic enough to break up any atoms
that might try to form. The neutrinos have stopped
interacting with anything and the matter particles are
outnumbered by photons in a ratio of 100 billion to one.
At this time the photons dominate the universe.
One way to understand why the universe cools as it
expands is to picture the expansion of the universe as
stretching the wavelength of the photons. Since the
energy of a photon is related to its wavelength (the
longer the wavelength the lower the energy), this
stretching of wavelengths lowers the photon energies.
Because the photons dominate the young universe,
when the photons lose energy and cool down, so does
everything else that the photons are interacting with.
.7 million years

Until the universe reaches the age of nearly a million
years, the photons are knocking the matter particles
around, preventing them from forming whole atoms or
gravitational structures like stars. But at the age of .7
million years the temperature has dropped to 3000
degrees, and something very special happens at that
point. The matter particles are mostly hydrogen, and if
you cool hydrogen below 3000 degrees it becomes
transparent. The transition in going from above 3000
degrees to below, is like going from inside the surface
of the sun to outside. We go from an opaque, glowing
universe to a transparent one.
Transparent universe

When the universe becomes transparent, the photons
no longer have any effect on the matter particles and the
matter can begin to form atoms, stars, and galaxies.
Everything we see today, except for the primordial
hydrogen and helium, was formed after the universe
became transparent.

Think about what it means that the universe became
transparent at an age of .7 million years. In our
telescopes, as we look at more and more distant galaxies, the light from these galaxies must have taken more
and more time to reach us. As we look farther out we
are looking farther back in time. With the Hubble
telescope we are now looking at galaxies formed when
the universe was less than a billion years old, less than
10% of its current age.
Imagine that you could build a telescope even more
powerful than the Hubble, one that was able to see as
far out, as far back to when the universe was .7 million
years old. If you could look that far out what would you
see? You would be staring into a wall of heated opaque
hydrogen. You would see this wall in every direction
you looked. If you tried to see through the wall, you
would be trying to look at the universe at earlier, hotter
times. It would be as futile as trying to look inside the
sun with a telescope.
Although this wall at .7 million light years consists of
essentially the same heated hydrogen as the surface of
the sun, looking at it would not be the same as looking
at the sun. The light from this wall has been traveling
toward us for the last 14 billion years, during which
time the expansion of the universe has stretched the
wavelength and cooled the photons to a temperature of
less than 3 degrees, to a temperature of 2.74 degrees
above absolute zero to be precise.
Photons at a temperature of 2.74 degrees can be observed, not by optical telescopes but by radio antennas
instead. In 1964 the engineers Arno Penzias and
Robert Wilson were working with the radio antenna
that was communicating with the Telstar satellite. The
satellite was a large aluminized balloon that was supposed to reflect radio signals back to earth. The radio
antenna had to be very sensitive to pick up the weak
reflected signals.
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In checking out the antenna, Penzias and Wilson were
troubled by a faint noise that they could not eliminate.
Further study showed that the noise was characteristic
of a thermal bath of photons whose temperature was
around 3 degrees. After hearing a seminar on the theory
of the big bang and on the possibility that there might
be some light remaining from the explosion, Penzias
and Wilson immediately realized that the noise in their
antenna was that light. Their antenna in effect was
looking at light from the time the universe became
transparent. At that time, only a few astronomers and
physicists were taking the big bang hypothesis seriously. The idea of the universe beginning in an
explosion seemed too preposterous. After Penzias and
Wilson saw the light left over from the hotter universe,
no other view has been acceptable.
The fact that the universe became transparent at an age
of .7 million years, means that the photons, now called
the cosmic background radiation, travelled undisturbed by matter. By studying these photons carefully,
which we are now doing in various rocket and satellite
experiments, we are in a sense, taking an accurate
photograph of the universe when the universe was .7
million years old.

Figure 34-11

Penzias and Wilson, and the Holmdel radio telescope.

This photograph shows an extremely uniform universe. The smoothness shows us that stars and galaxies
had not yet begun to form. In fact the universe was so
smooth that it is difficult to explain how galaxies did
form in the time between when the universe went
transparent and when we see galaxies in the most
distant Hubble telescope photographs. The COBE
(Cosmic Background Explorer) satellite was able to
detect tiny fluctuations in the temperatures of the
background radiation, indicating that there was perhaps just enough structure in the early hot universe to
give us the stars, galaxies and clustering of galaxies we
see today.
One of the questions you may have had reading our
discussion of the early universe, is how do we know
that the photons, and earlier the particle-anti particle
pairs outnumbered the matter particles by a ratio of 100
billion to one? How do we estimate the tiny excess of
matter over anti matter that left behind all the matter we
see today? The answer is that the thermal photons we
see today outnumber protons and neutrons by a factor
of 100 billion to one and that ratio should not have
changed since the universe was a few minutes old.
We also mentioned that it would be futile to try to look
under the surface of the sun using a telescope. That is
true if we try to use a photon telescope. However we
can, in effect, see to the very core of the sun using
neutrinos. In the burning of hydrogen to form helium,
for each helium nucleus created, two protons are converted to neutrons via the weak interaction. In the
process two neutrinos are emitted. As a result the core
of the sun is a bright source of neutrinos which we can
detect and study here on earth.
While it would be futile to use photons to see farther
back to when the universe was about .7 million years
old, we should be able to see through that barrier using
neutrinos. The universe became transparent to neutrinos at the end of the first second. If we could detect
these neutrinos, we would have a snapshot of the
universe as it looked when it was one second old. Thus
far, we have not found a way to detect these cosmic
background neutrinos.
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