
Gauge Theories of the Forces 
between Elementary Particles 

All the basic forces of nature are now described by theories 

of this kind. The properties of the forces are deduced from 

symmetries or regularities apparent in the laws of physics 

j\understanding of how the world is 
put together requires a theory of 
how the elementary particles of 

matter interact with one another. Equiv­
alently, it requires a theory of the basic 
forces of nature. Four such forces have 
been identified, and until recently a dif­
ferent kind of theory was needed for 
each of them. Two of the forces, gravita­
tion and electromagnetism, have an un­
limited range; largely for this reason 
they are familiar to everyone. They can 
be felt directly as agericies that push or 
pull. The remaining forces, which are 
called simply the weak force and the 
strong force, cannot be perceived direct­
ly because their influence extends only 
over a short range, no larger than the 
rad ius of an atomic nucle us. The strong 
force binds together the protons and the 
ne utrons in the nucleus, and in another 
context it binds toge ther the particles 
called quarks that are thought to be 
the constituents of protons and neu­
trons. The weak force is mainly respon­
sible for the decay of certain particles. 

A long-stand ing ambition of physi­
cists is to constr uct a single master theo­
ry that would incorporate all the known 
forces. One imagines that s uch a theory 
would reveal some deep connection be­
tween the vario us forces while account­
ing for their apparent diversity. S uch a 
unification has not yet been attained, but 
in recent years some progress may have 
been made. The weak force and electro­
magnetism can now be understood in 
the context of a single theory. Although 
the two forces remain distinct, in the 
theory they become mathematically in­
tertwined.  What may ultimately prove 
more important, all four forces are now 
described by means of theories that 
have the same general form. Thus if 
physicists have yet to find a single key 
that fits all the known locks, at least all 
the needed keys can be cut from the 
same blank. The theories in this single 
favored class are formally designated 
non-Abelian gauge theories with local 
symmetry. What is meant by this for-
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bidding label is the main topic of this 
article. For now, it will s uffice to note 
that the theories relate the properties of 
the forces to symmetries of nature. 

Symmetries and apparent symmetries 
in the laws of nature have played a 

part in the construction of physical theo­
ries since the time of Galileo and New­
ton. The most familiar symmetries are 
spatial or geometric ones. In a snow­
flake, for example, the presence of a 
symmetrical pattern can be detected at a 
glance. The symmetry can be defined as 
an invariance in the pattern that is ob­
served when some transformation is ap­
plied to it. In the case of the snowflake 
the transformation is a rotation by 60 
degrees, or one-sixth of a circle. If the 
initial position is noted and the snow­
flake is then turned by 60 degrees (or by 
any integer multiple of 60 degrees), no 
change will be perceived.  The snowflake 
is invariant with respect to 60-degree ro­
tations. According to the same princi­
ple, a square is invariant with respect to 
90-degree rotations and a circle is said to 
have continuous symmetry because ro­
tation by any angle leaves it unchanged.  

Although the concept of symmetry 
had its origin in geometry, it is general 
enough to embrace invariance with re­
spect to transformations of other kinds. 
An example of a nongeometric symme­
try is the charge symmetry of electro­
magnetism. S uppose a number of elec­
trically charged particles have been set 
out in some definite configuration and 
all the forces acting between pairs of 
particles have been measured. If the po­
larity of all the charges is then reversed,  
the forces remain unchanged. 

Another symmetry of the nongeomet­
ric kind concerns isotopic spin, a prop­
erty of protons and ne utrons and of the 
many related particles called hadrons, 
which are the only particles responsive 
to the strong force. The basis of the sym­
metry lies in the observation that the 
proton and the neutron are remarkably 
similar particles. They differ in mass by 

only about a tenth of a percent, and ex­
cept for their electric charge they are 
identical in all other properties. It there­
fore seems that all protons and neutrons 
could be interchanged and the strong in­
teractions would hardly be altered. If 
the electromagnetic forces (which de­
pend on electric charge) could somehow 
be turned off, the isotopic-spin symme­
try would be exact; in reality it is only 
approximate . 

Although the proton and the ne utron 
seem to be distinct particles and it is 
hard to imagine a state of matter inter­
mediate between them, it turns out that 
symmetry with respect to isotopic spin is 
a continuous symmetry, like the symme­
try of a sphere rather than l ike that of 
a snowflake. I shall give a simplified ex­
planation of why that is so. Imagine that 
inside each particle are a pair of crossed 
arrows, one representing the proton 
component of the particle and the oth­
er representing the neutron component. 
If the proton arrow is pointing up (it 
makes no difference what direction is 
defined as up), the particle is a proton; if 
the ne utron arrow is up, the particle is 
a ne utron. Intermed iate positions corre­
spond to quantum-mechanical superpo­
sitions of the two states, and the particle 
then looks sometimes like a proton and 
sometimes like a neutron. The symme­
try transformation associated with iso­
topic spin rotates the internal indicators 
of all protons and ne utrons everywhere 
in the universe by the same amount and 
at the same time. If the rotation is by 
exactly 90 degrees, every proton be­
comes a ne utron and every neutron be­
comes a proton. Symmetry with respect 
to isotopic spin, to �he extent it is exact, 
states that no effects of this transforma­
tion can be detected.  

All  the symmetries I have discussed so 
far can be characterized as global sym­
metries; in this context the word global 
means "happening everywhere at once. "  
I n  the description o f  isotopic-spin sym­
metry this constraint was made explic­
it: the internal rotation that transforms 
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FOUR BASIC FORCES m ediate all known interactions among the 
particles of matter. The forces differ greatly in strength and effective 
range, but they are all d escribed by theories of the same mathemati­
cal form, nam ely local gauge theories. Electromagnetism and gravita­
tion are said to be of infinite range, although their influence declines 
as the square of the distance between two interacting particles. The 
weak force is confined to an exceedingly small range of about 10 -15 
centim eter. The properties of the strong force are som ewhat more 
com plicated. As the strong force is observed acting between hadrons, 
such as the proton and the neutron (solid colored line), it has a finite 
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DISTANCE 

range of some 10-13 centim eter. The strong force also binds together 
the particles called quarks that make up hadrons, and in that context 
it could be expected to follow an inverse-square law (broken colored 
line). The actual behavior is apparently stranger: the force remains 
constant regardless of distance (dotted colored line). In quantum field 
theories (diagrams at left) the force between two particles is made 
manifest through the exchange of a third particle, which is called a 
virtual particle. The range of the force is determined by the mass of 
the exchanged virtual particle. Massless virtual particles, such as the 
photon and the graviton, give rise to forces that have infinite range. 
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The one-chip computer: 
offspring of the transistor 

-

-' _ ...... - -=--" ..., �-��-=-�=" ", 

The MAC-4 one-chip computer, developed for a variety 
of telecommunications applications, is compared to a 
standard-sized paper clip. The chip's numerous functional 
areas are labeled. 
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One of the transistor's latest 
descendants is the Bell System's 
30,000-element MAC-4 "com­
puter-on-a-chip." It's another in 
a long line of microelectronic 
developments that have come 
from Bell Laboratories. 

The MAC-4 is so efficient that 
a program written on it takes 
25 percent less storage space than 
that required by most other 
micro�omputers. Its assembler 
language, C, also developed at 
Bell Labs, has features that make 
MAC-4 easier to program, debug 
and maintain. And the MAC-4 
can handle anything from nibbles 
to bytes to words with its 4-, 8-, 12-, 
and 16-bit operations capacity. 

Like other one-chip computers, 
the MAC-4 has sufficient memory 
to support its varied tasks-
3000 nibbles of read-only memory 
and 200 nibbles of random access 
memory coupled to 34 input/out ­
put ports. 

Fabricated with the latest 
CMOS technology, the MAC-4 
needs little power. Thus it is well 
matched to a variety of telecom­
munications applications. 

It started with the transistor 
MAC-4 is just one current 

example of the many micro­
electronic devices to come from 
Bell Labs since we started the 

solid-state revolution with the 
invention of the transistor in 1947. 

Over the past three decades, our 
advances in materials, processing, 
and devices have been vital to 
solid-state technology. These 
include: 
• The Junction Transistor 
• Crystal Pulling 
• Zone Refining 
• Field-Effect Transistor 
• Diffusion 
• Solar Cell 
• Oxide Masking 
• Thermocompression Bonding 
• Photolithography 
• Epitaxial Film Process 
• Magnetic Bubble Memory 
• Charge-Coupled Device 
• Semiconductor Heterostructure 

Laser Used in Lightwave 
Communications 
• Electron-Beam Exposure 

System 

Today and tomorrow 
Today, we continue to make 

important contributions to solid­
state technology. For example, 
we've developed a rugged 
65,536-bit RAM that can tolerate 
processing faults. Corrections can 
be made on the chip itself, so we 
can get more usable chips out of 
each manufacturing batch-and 
thus lower unit costs. 

In materials processing, we've 

developed a technique for 
precisely controlling the growth 
of successive atomic layers of 
single crystal materials. This 
"molecular beam epitaxy" process 
is finding increasing use within 
Bell Labs and elsewhere in the 
electronics industry. We've used 
it to fabricate a device that 
permits us to double the speed 
of electrons by channeling them 
into crystal layers where they 
meet less resistance. 

Other advances, in X-ray 
lithography and new resist 
materials, for example, promise 
to help place more elements on 
microelectronic devices and thus 
enhance their ability to perform 
important tasks. 

As the solid-state revolution 
continues, these and other 
developments from Bell Labs will 
play an important part in it. 
What's important to us is the 
promise these advances offer for 
new telecommunications products 
and services. Like the transistor, 
MAC-4 and its solid-state 
relatives will find more and more 
applications in the nationwide 
telecommunications network. 
For in/o)-mation about employment. write: 
Bell Laboratories, Room 3C-303, 
600 Mountain Avenue, 
Murray Hill, N.J. 07974. 
PleaBe include a ,-eBUme_ 
An equal opportunity employer. 

@ Bell La boratories 
From Science: Service 
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CONCEPT OF A FIELD, a quantity defined at each point through­
out some region of space and tim e, is im portant in the construction 
of gauge theories. A scalar field has only a magnitude at each point; 
in this example the magnitude is given by the area of the dots. A v ec­
tor field has both a magnitude and a direction and can be illustrated 
by drawing an arrow at each point. A scalar field might represent a 
quantity such as the temperature or the density of a fluid, whereas 
a vector field could represent its velocity. In quantum field theories 
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the influence of a field can be embodied in a virtual particle. The 
number of components in the field is reflected in the number of dis­
tinct orientations of the particle, which in turn depends on its spin an­
gular mom entum. A scalar field has just one component (its value 
can be given by a single number) and is represented by a spin-zero 
particle with one spin state, or orientation. A vector field in three­
dim ensional space has three components (a magnitude and two an­
gles), and it corresponds to a spin-one particle with three spin states. 
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proto,ns into ne utrons and neutrons into 
protons is to be carried out everywhere 
in the universe at the same time. In addi­
tion to global symmetries, which are al­
most always present in a physical theo­
ry, it is possible to have a "local" sym­
metry, in which the convention can be 
decided independently at every point in 
space and at every moment in time. Al­
though "local" may suggest something 
of more modest scope than a global sym­
metry, in fact the requirement of local 
symmetry places a far more stringent 
constraint on the construction of a theo­
ry. A global symmetry states that some 
law of physics remains invariant when 
the same transformation is applied ev­
erywhere at once. For a local symmetry 
to be observed the law of physics must 
retain its validity even when a different 
transformation takes place at each point 
in space and time. 

Gauge theories can be constructed 
with either a global or a local symmetry 
(or both), but it is the theories with local 
symmetry that hold the greatest interest 
today. In order to make a theory invari­
ant with respect to a local transforma­
tion something new must be added: a 
force. Before showing how this comes 
about, however, it will be necessary to 
discuss in somewhat greater detail how 
forces are described in modern theories 
of elementary-particle interactions. 

The basic ingredients of particle theo­
ry today include not only particles 

and forces but also fields. A field is sim­
ply a quantity defined at every point 
throughout some region of space and 
time. For example, the q uantity might 
be temperature and the region might be 
the surface of a frying pan. The field 
then consists of temperature values for 
every point on the surface. 

Temperature is called a scalar quanti­
ty, because it can be represented by po­
sition along a line, or scale. The corre­
sponding temperature field is a scalar 
field, in which each point has associated 
with it a single number, or magnitude. 
There are other kinds of field as well, the 
most important for present purposes be­
ing the vector field, where at each point 
a vector, or arrow, is drawn. A vector 
has both a magnitude, which is repre­
sented by the length of the arrow, and a 
direction, which in three-dimensional 
space can be specified by two angles; 
hence three numbers are needed in order 
to specify the value of the vector. An 
example of a vector field is the velocity 
field of a fluid; at each point throughout 
the volume of the fluid an arrow can be 
drawn to show the speed and direction 
of flow. 

In the physics of electrically charged 
objects a field is a convenient device 
for expressing how the force of electro­
magnetism is conveyed from one place 
to another. All charged particles are 

SYMMETRY TRANSFORMATION 

ROTATION BY 60 DEGREES 

� 

< GEOMETRIC 
SYMMETRY 

INTERCHANGE OF ELECTRIC CHARGES 

CHARGE 
SYMMETRY 

ROTATION BY 90 DEGREES IN ABSTRACT INTERNAL SPACE 

PROTON NEUTRON 

ISOTOPIC-SPIN 
SYMMETRY 

SYMMETRIES OF NATURE determine the properties of forces in gauge theories. The famil­
iar symmetry of a snowflake can be characterized by noting that the pattern is unchanged when 
it is rotated 60 degrees; the snowflake is said to be invariant with respect to such rotations. In 
physics nongeometric symmetries are introduced. Charge symmetry, for example, is the invari­
ance of the forces acting among a set of charged particles when the polarities of all the charges 
are reversed. Isotopic-spin symmetry is based on the observation that little would be changed 
in the strong interactions of matter if the identities of all protons and neutrons were inter­
changed. Hence proton and neutron become merely the alternative states of a single particle, 
the nucleon, and transitions between the states can be made (or imagined) by adjusting the 
orientation of an indicator in an internal space. It is symm etries of this kind, where the trans­
formation is an internal rotation or a phase shift, that are referred to as gauge symmetries. 

supposed to emanate an electromagnet­
ic field; each particle then interacts with 
the sum of all the fields rather than di­
rectly with the other particles. 

In quantum mechanics the particles 
themselves can be represented as fields. 
An electron, for example, can be consid­
ered a packet of waves with some finite 
extension in space. Conversely, it is of­
ten convenient to represent a quantum­
mechanical field as if it were a particle. 
The interaction of two particles through 
their interpenetrating fields can then 
be summed up by saying the two par­
ticles exchange a third particle, which 
is called the quantum of the field. For 
example, when two electrons, each sur­
rounded by an electromagnetic field, ap­
proach each other and bounce apart, 
they are said to exchange a photon, the 
quantum of the electromagnetic field. 

The exchanged q uantum has only an 
ephemeral existence. Once it has been 
emitted it must be reabsorbed, either 
by the same particle or by another one, 
within a finite period. It  cannot keep go­
ing indefinitely, and it cannot be detect­
ed in an experiment. Entities of this kind 
are called virtual particles. The larger 
their energy, the briefer their existence. 
In effect a virtual particle borrows or 
embezzles a quantity of energy, but it 
must repay the debt before the shortage 
can be noticed. 

The range of an interaction is related 
to the mass of the exchanged quantum. 
If the field quantum has a large mass, 
more energy must be borrowed in order 
to support its existence, and the debt 
must be repaid sooner lest the discrep­
ancy be discovered. The distance the 
particle can travel before it must be re-
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GAUGE SYMMETRY OF ELECTROMAGNETISM is an invari­
ance with respect to shifts in the phase of the matter field that repre­
sents an electron. The phase itself cannot be m easured, but it has an 
influence on such observable quantities as the interference pattern 
formed when the waves of an electron field pass through a pair of 
slits. Tbe peaks in this pattern are found wherever the waves are in 
phase, and the nod es are found where the waves are out of phase. A 
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shift in phase greatly alters the configuration of the field, but it leaves 
the observable interference pattern unchanged. The symm etry is an 
exact one, so that the phase shift cannot be d etected. It is therefore 
only a matter of convention what phase is chosen in any theoretical 
description of the field. In the absence of forces acting between the 
electrons, however, the symm etry is a global one: the observed pat­
tern is invariant only if the same phase shift is applied everywhere. 
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LOCAL GAUGE SYMMETRY of the el ectron matter field is re­
stored when magnetic fields are taken into account. Shifting the phase 
of one diffracted electron beam but not the other clearly alters the 
observed interference pattern (diagram at left). The sam e effect can 
be obtain ed, howev er, by introducing a small magn etic field perpen­
dicular to the electron beam and between the slits (diagram at right). 
Remarkably, the magn etic field induces tbe pbase sbift even when 
sbi elds are arranged so tbat tbe field cannot pen etrate the region 

110 

SCREEN 

where the electron waves propagate and interfere. An experimenter 
examining the interference patterns could not distinguish between 
the effects of a phase shift im posed arbitrarily on one electron beam 
and the effects of a magnetic field introduced between the slits. Any 
local shift in the phase of the electron matter field could therefore be 
reproduced by electric and magnetic fields, and so the phase of the 
electron field is arbitrary. The theory that combines electron matter 
fields witb electric and magn etic fields is quantum electrodynamics. 
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absorbed is thereby red uced and so the 
corre sponding force has a short range . 
In the special case where the exchanged 
q uantum is massless the range is infinite . 

The number of components in a field 
corre sponds to the number of quantum­
mechanical states of the field q uantum. 
The number of possible states is in turn 
related to the intrinsic spin ang ular mo­
mentum of the particle . The spin angu­
lar momentum can take on only discrete 
values;  when the magnitude of the spin 
is measured in fundamental un its, it 
is always an integer or a half integer. 
M oreover, it is not only the magnitude 
of the spin that is q uantized but also its 
d irection or orientation. (To be more 
precise, the spin can be defined by a vec­
tor parallel to the spin axis, and the pro­
jections, or components, of this vector 
along any direction in space m ust have 
values that are integers or half integers . )  
The number of possible orientations, or 
spin state s, is equal to twice the magni­
tude of the spin, plus one. Th us a parti­
cle with a spin of one-half, such as the 
e lectron, has two spin states :  the spin 
can point parallel to the particle's  d irec­
tion of motion or anti parallel to it .  A 
sp in-one particle has three orientat ions, 
name ly parallel, anti parallel and trans­
verse . A s·pin-zero particle has no spin 
axis; since all orientations are equiva­
lent, it is said to have just one spin state . 

A scalar field, which has just one com­
ponent ( a  magnitude), m ust be repre­
sented by a field q uantum that also has 
one component, or in other words by 
a spin-zero particle .  S uch particles  are 
there fore called scalar particles .  Simi­
larly,  a three-component vector field 
req uires a spin-one field quantum with 
three spin state s :  a vector particle . The 
e lectromagnetic field is a vector field, 
and the photon, in conformity with 
these specifications, has a spin of one 
unit. The gravitational field is a more 
complicated structure called a tensor 
and has 10 components; not all  of them 
are independent, however, and the 
quantum of the field, the graviton, has a 
spin of two units, which ordinarily cor­
responds to five spin states .  

In the cases  of e lectromagne tism and 
gravitation one further complication 
m ust be taken into account. S ince the 
photon and the graviton are massless, 
they m ust always move with the speed 
of light. Because of their velocity they 
have a property not shared by particles 
with a finite mass:  the transverse spin 
states do not exist .  Altho ugh in some 
formal sense the photon has thre e  spin 
states and the graviton has five, in prac­
tice only two of the spin states can be 
detected. 

The first gauge theory with local sym­
metry was the theory of e lectric and 

magnetic fields introd uced in 1 86 8  by 
James Clerk M axwell. The foundation 
of M axwell's theory is the proposition 
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519 DAVIS. EVANSTON. ILL. 60201 TEL.: 312-869-6144 

59 Main St .. Lynchburg, TN 37352 

JACK DANIEL'S 
FIELD TESTER CAP 

T his is a comfortable sportsman's billed 
cap. Black mesh (air cooled) and adjust­
able to any size head, with an official 
"Jack Daniel's Field Tester" patch on 
the front. Guaranteed to shade your eyes 
and start a lot of conversations. 
My $5.25 price includes postage 
and handling. 
Send check, money order, or use Ameri­
�an E�press, Visa or Master Charge, 
including all numbers and signature. 
(Tennessee residents add 6% sales tax.) For a color 
catalog full of old Tennessee items and Jack Daniel's 

� memorabilia, send $1.00 to above address. � 
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that an electric charge is surrounded by 
an electric field stretching to infinity, 
and that the movement of an electric 
charge gives rise to a magnetic field also 
of infinite extent. Both fields ·are vector 
quantities, being defined at each point 
in space by a magnitude and a direction. 

In M axwell's theory the value of the 
electric field at any point is determined 
ultimately by the distributron of charges 
around the point. It  is often convenient, 
however, to define a poteptial, or volt­
age, that is also determined by the 
charge distribution: the gr�ater the den­
sity of charges in a region,:the higher its 
potential. The electric field between two 
points is then given by the voltage differ­
ence between them. 

The character of the symmetry that 
makes M axwell's theory a gauge theo­
ry can be illustrated by considering an 
imaginary experiment. S uppose a sys­
tem of electric charges is set up in a lab­
oratory and the electromagnetic field 
generated by the charges is measured 
and its properties are recorded. If  the 
charges are stationary, there can be no 
magnetic field (since the magnetic field 
arises from movement of an electric 
charge); hence the field is purely an elec­
tric one. In this experimental situation 
a global symmetry is readily perceived. 
The symmetry transformation consists 
in raising the entire laboratory to a high 
voltage, or in other words to a high elec­
tric potential. If the measurements are 
then repeated, no change in the electric 
field will be observed. The reason is that 
the field, as M axwell defined it, is deter­
mined only by differences in electric po­
tential, not by the absolute value of the 
potential. It  is for the same reason that a 
squirrel can walk without inj ury on an 
uninsulated power line. 

This property of M axwell's theory 
amounts to a symmetry: the electric 
field is invariant with respect to the addi­
tion or subtraction of an arbitrary over­
all potential. As noted above, however, 
the symmetry is a global one, because 
the result of the experiment remains 
constant only if the potential is changed 
everywhere at once. If  the potential 
were raised in one region and not in an­
other, any experiment that crossed the 
boundary would be affected by the po­
tential difference, j ust as a squirrel is af­
fected if it touches both a power line and 
a grounded conductor. . 

A complete theory of electromagnetic 
fields must embrace not only static ar­
rays of charges but also moving charges. 
In order to do that the global symmetry 
of the theory must be converted into a 
local symmetry. If the electric field were 
the only one acting between charged 
particles, it would not have a local sym­
metry. Actually when the charges are in 
motion (but only then), the electric field 
is not the only one present: the move­
ment itself gives rise to a second field, 
namely the magnetic field. It  is the ef-

fects of the magnetic field that restore 
the local symmetry. 

Just as the electric field depends ulti­
mately on the distribution of charges 
but can conveniently be derived from an 
electric potential, so the magnetic field is 
generated by the motion of the charges 
but is more easily described as result­
ing from a magnetic potential. It  is in 
this system of potential fields that local 
transformations can be carried out leav­
ing all the original electric and magnetic 
fields unaltered. The system of d ual, in­
terconnected fields has an exact local 
symmetry even though the electric field 
alone does not. Any local change in the 
electric potential can be combined with 
a compensating change in the magnetic 
potential in such a way that the electric 
and magnetic fields are invariant. 

Maxwell's theory of electromagnet­
ism is a classical or non-quantum­

mechanical one, but a related symmetry 
can be demonstrated in the quantum 
theory of electromagnetic interactions. 
It  is necessary in that theory to describe 
the electron as a wave or a field, a con­
vention that in quantum mechanics can 
be adopted for any material particle. It 
turns out that in the quantum theory of 
electrons a change in the electric poten­
tial entails a change in the phase of the 
electron wave. 

The electron has a spin of one-half 
unit and so has two spin states (parallel 
and antiparallel). It follows that the as­
sociated field must have two compo­
nents. Each of the components must be 
represented by a complex number, that 
is, a number that has both a real, or ordi­
nary, part and an imaginary part, which 
includes as a factor the square root of 
- l. The electron field is a moving pack­
et of waves, which are oscillations in the 
amplitudes of the real and the imaginary 
components of the field. It is important 
to emphasize that this field is not the 
electric field of the electron but instead 
is a matter field. It  would exist even 
if the electron had no electric charge. 
What the field defines is the probability 
of finding an electron in a specified spin 
state at a given point and at a given mo­
ment. The probability is given by the 
sum of the squares of the real and the 
imaginary parts of the field. 

In the absence of electromagnetic 
fields the frequency of the oscillations in 
the electron field is proportional to the 
energy of the electron, and the wave­
length of the oscillations is proportion­
al to the momentum. In order to define 
the oscillations completely one addition­
al quantity must be known: the phase. 
The phase measures the displacement of 
the wave from some arbitrary reference 
point and is usually expressed as an an­
gle. If  at some point the real part of the 
oscillation, say, has its maximum posi­
tive amplitude, the phase at that point 
might be assigned the value zero de-
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FROM A SINGLE CRYSTAL OF P OTASSIUM BROMIDE, 
WE FORGED A NEW TECHNOLDGY 
CAPABLE OF MAKING SOPHISTI CATED OPTICAL ELEMENTS 
our OF COMMON SALTS. 

OUR NEW TECHNIQUE 
FOR HOT PRESS FORG­
ING ALKALI HALIDES 
AND ALKALINE EARTH 
FLUORIDES WILL HELP 
REDUCE THE COST OF 
PRODUCING OPTICAL 
LENSES AND WINDOWS 
FOR EVERYTHING FROM 
THERMOGRAPHIC BODY 
SCANNERS TO OPTICAL 
INTERFEROMETERS. 

Optical grade halide materials 
like potassium bromide and lithium 
fluoride have broad transmission 
capabilities which make them ideally 
suited for use in applications such 
as medical thermography, satellite 
weather monitoring, infrared night 
vision systems, and laser-assisted 
nuclear fusion for the conversion of 
energy. Grown as single crystals, 
these common salts are transparent 
in ultraviolet, visible and infrared light. 

But they also have limited 
structural strength. And are too soft 
to produce scratch-free optical 
surfaces by grinding and polishing. 

Attracted by the potential 
of the materials' useful properties, 
a Honeywell research team­
partially funded by the Department 
of Energy and the Department of 
Defense-began an investigation. 
Combining skills in such diverse fields 
as ceramics, optics and process 
development, we developed a new 
isostatic forging technique which 
compensates for the materials' 
inherent shortcomings. 

In our patented forging process, 
a single crystal is deformed by 
pressing it at controlled temperatures 
and strain rates. T his produces a 
considerably strengthened 
polycrystalline material, with optical 
characteristics similar to the 
original single crystal. 

T he dies used to produce 
the desired lens surfaces are made 

Although Honeywell engineering 
is world-wide, the bulk of basic re­
search and applied research is done 
in Minneapolis. The most recent 
Qualify of Life Study conducted by 
Midwest Research Institute shows 
Minnesota to be one of the best places 
in the country to live and work 
considering cultural,social, economic, 
educational and political factors. 

The Twin Cities is the home of 

of optically polished pyrex or 
metal. Because the surface of the 
forged material closely replicates 
the surface of the dies, there is 
no need for grinding or polishing. 
(An additional advantage of this 
particular process is the ease with 
which aspheric lenses may be 
produced from a single set of 
aspheric dies.) 

Work is underway to develop 
coatings that will provide protection 
against moisture and other 
environmental factors. 

In order to test the results 
of their work, Honeywell scientists, 
working with university and 
commercial instrumentation 
scientists, had to develop a novel 
holographic and shearing 
interferometer system. Combined 
with our previously developed video 
digitization/fringe analysis system, 
this new interferometer provides 
us with a unique facility for 
non-contact optical evaluation. 

If you are interested in learning 
more about Honeywell's research 
work in forged optical elements, you 
are invited to correspond with 
Mr. David Wertman, Honeywell 
Corporate Technology Center, 10701 
LyndaIe Avenue So., Minneapolis, 
MN 55420. If you have an advanced 
degree and are interested in a 
career in solid state electronics, 
sensors, or material sciences, 
please write to Dr. T. F. Hueter, Vice 
President Corporate Technology, 
Honeywell, Honeywell Plaza, 
Minneapolis, MN 55408. 

Honeywell 

many of America's advanced tech­
nology companies employing a 
great many scientists and engineers. 
This ideal research environment is 
further enhanced by Honeywell's 
ongoing program of affiliation with 
universities across the country: The 
University of California at Berkeley, 
MIT, Stanford, Carnegie Mellon, 
Illinois, Cornell, Waterloo of 

Ontario and Minnesota. 
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By the end of 
1979, Digital 
Equipment Corpo­
ration had sold 
more 16-bit micros 
than any other 
company in the business. 

Over 100,000 of them. 
And the reason is simple. We give 

you more to work with. More hard­
ware. More software. And more true 
systems capability. 

T hat means you can develop your 
products faster, and offer your cus­
tomers the right balance of cost and 
performance every time. 

W hat's more, Digital's micros are 
software compatible. Not just with each 
other, but with our whole PDP-ll mini­
computer family as well. So you'll 
never run out of ways to expand your 
business. 

Behind all Digital's micro products is 
a support commitment that s unmatched 
in the industry. 13,000 people world­
wide. Technical consuftation and training. 

And a wide range 
of support agree­
ments - from do-it­
yourself service 
using our special 
kits, to full support 

including coverage for your customers. 
It's the total approach to micros. And 

it's the reason Digital has sold more 
high performance micros than anyone. 

Anyone. 
Digital Equipment Corporation, 
Dept. NR2/2, 146 Main Street, 
Maynard, MA 01754. 

& took the JIlinirnntnI.,.. make ·  �this�&OI'-""" company 
to mt cros easy. 
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gree s. Where the real part next falls to 
zero the phase is 90 degrees and where 
it reaches its negative maximum the 
phase is 1 80 degrees. In general the 
imaginary part of the amplitude is 90 
degrees out of phase with the real part, 
so that whenever one part has a maxi­
mal value the other part is zero. 

It is apparent that the only way to de­
termine the phase of an electron field is 
to d isentangle the contributions of the 
real and the imaginary parts of the am­
plitude.  That turns o ut to be impossi­
ble, even in principle. The sum of the 
squares of the real and the imaginary 
parts can be known, but there is no way 
of tel ling at any given point or at any 
moment how m uch of the total derives 
from the real part and how much from 
the imaginary part. Indeed, an exact 
symmetry of the theory implies that the 
two contrib utions are ind isting uishable. 
Differences in the phase of the field at 
two points or at two moments can be 
measured, but not the absol ute phase. 

The finding that the phase of an elec­
tron wave is inaccessible to measure­
ment has a corollary: the phase cannot 
have an influence on the o utcome of any 
possible experiment. If  it did, that exper­
iment could be used to determine the 
phase. Hence the electron field exhibits 
a symmetry with respect to arbitrary 
changes of phase. Any phase angle can 
be added to or subtracted from the elec­
tron field and the res ults of all experi­
ments will  remain invariant. 

This principle can be made clearer 
by considering an example: the two-slit 
diffraction experiment with electrons, 
which is the best-known demonstration 
of the wavelike nature of matter . In the 
experiment a beam of electrons passes 
through two narrow sl its in a screen and 
the number of electrons reaching a sec­
ond screen is counted.  The d istribution 
of electrons across the surface of the 
second screen forms a diffraction pat­
tern of alternating peaks and valleys. 

The q uantum-mechanical interpreta­
tion of this experiment is that the elec­
tron wave splits into two segments on 
str iking the first screen and the two 
diffracted waves then interfere with 
each other. Where the waves are in 
phase the interference is constructive 
and many electrons are counted at the 
second screen; where the waves are out 
of phase destructive interference re­
d uces the count. Clearly it is only the 
d ifference in phase that determines 
the pattern formed. If  the phases of 
both waves were shifted by the same 
amount, the phase d ifference at each 
point would be unaffected and the same 
pattern of constructive and destructive 
interference would be observed.  

It is symmetries of this  kind,  where the 
phase of a quantum field can be adjusted 
at will ,  that are called gauge symme­
tries. Although the absolute value of the 
phase is irrelevant to the outcome of ex-

periments, in constr ucting a theory of 
electrons it  is sti l l  necessary to specify 
the phase. The choice of a particular 
value is called a gauge convention. 

Ga uge symmetry is not a very de­
scriptive term for such an invariance, 
but the term has a long history and can­
not now be dislodged. It was introd uced 
in about 1 920 by Hermann Weyl, who 
was then attempting to formulate a the­
ory that would com bine electromagnet­
ism and the general theory of relativity. 
Weyl was led to propose a theory that 
remained invariant with respect to ar­
bitrary dilatations or contractions of 
space. In the theory a separate standard 
of length and time had to be adopted at 
every point in space-time. He compared 
the choice of a scale convention to a 
choice of gage blocks, the polished steel 
blocks employed by machinists as a 
standard of length. The theory was near­
ly correct, the necessary emendation be­
ing to replace "length scales" by "phase 
angles ."  Writing in German, Weyl had 
referred to "Eich Invarianz," which was 
initially translated as "calibration invar­
iance," b ut the alternative translation 
"gauge" has since become standard. 

The symmetry of the electron matter 
field described above is a global 

symmetry : the phase of the field must be 
shifted in the same way everywhere at 
once . It can easily be demonstrated that 
a theory of electron fields alone, with no 
other forms of matter or radiation, is not 
invariant with respect to a correspond­
ing local gauge transformation. Consid­
er again the two-slit diffraction experi­
ment with electrons. An initial exper­
iment is carried out as before and the 
electron-d iffraction pattern is recorded. 
Then the experiment is repeated, but 
one slit is fitted with the electron-optical 
equivalent of a half-wave plate, a de­
vice that shifts the phase of a wave 
by 1 80 degrees. When the waves ema­
nating from the two slits now interfere, 
the phase d ifference between them will 
be altered by 1 80 degrees. As a result 
wherever the interference was construc­
tive in the first experiment it will now 
be destr uctive, and vice versa. The ob­
served diffraction pattern will not be 
unchanged; on the contrary, the posi­
tions of all  the peaks and depressions 
will  be interchanged.  

S uppose one wanted to make the the­
ory consistent with a local gauge sym­
metry. Perhaps it co uld be fixed in some 
way; in particular, perhaps another field 
could be added that would compensate 
for the changes in electron phase. The 
new field would of course have to do 
more than mend the defects in this one 
experiment. It would have to preserve 
the invariance of all observable quanti­
ties when the phase of the electron field 
was altered in any way from place to 
place and from moment to moment. 
M athematically the phase shift m u st be 

It's Speed Learning ! 
Have you ever w i s h ed you cou Id read a n d  
l e a r n  faster? Do you h ave t o o  m u c h  to read 
and too l i tt le  t i m e ?  

Speed Lea r n i ng ca n teach you to read a n d  
learn bette r .  The average person beco m es 
1 08% more eff i c i e n t .  The ab i l i ty to read­
comprehend·rem e m ber and u se twice as 
much k n o w l edge and i n f o r m a t i o n  i s  very 
important  to y o u .  

Speed Lear n i ng has  been approved w i t h  
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allowed to vary as an arbitrary function 
of position and time. 

Although it may seem improbable, a 
field can be constructed that meets these 
specifications. It turns out that the re­
quired field is a vector one, correspond­
ing to a field quantum with a spin of one 
unit. M oreover, the field m ust have infi­
nite range, since there is no limit to the 
distance over which the phases of the 
electron fields might have to be recon­
ciled. The need for infinite range implies 
that the field q uantum must be massless. 
These are the properties of a field that 
is already familiar: the electromagnetic 
field, whose quantum is the photon. 

How does the electromagnetic field 
ensure the gauge invariance of the elec­
tron field? It should be remembered that 
the effect of the electromagnetic field is 
to transmit forces between charged par­
ticles. These forces can alter the state 
of motion of the particles; what is most 
important in this context, they can alter 
the phase. When an electron absorbs or 
emits a photon, the phase of the elec­
tron field is shifted.  It  was shown above 
that the electromagnetic field itself ex­
hibits an exact local symmetry; by de­
scribing the two fields together the 10-

cal symmetry can be extended to both 
of them. 

The connection between the two fields 
lies in the interaction of the electron's 
charge with the electromagnetic field. 
Because of this interaction the propaga­
tion of an electron matter wave in an 
electric field can be described properly 
only if the electric potential is specified.  
Similarly, to describe an electron in a 
magnetic field the magnetic vector po­
tential must be specified.  Once these 
two potentials are assigned definite val­
ues the phase of the electron wave is 
fixed everywhere. The local symmetry 
of electromagnetism, however, allows 
the electric potential to be given any 
arbitrary value, which can be chosen 
independently at every point and at ev­
ery moment. For this reason the phase 
of the electron m atter field can also take 
on any value at any point, but the phase 
will always be consistent with the con­
vention adopted for the e lectric and the 
magnetic potentials. 

What this means in the two-slit d if­
fraction experiment is that the effects of 
an arbitrary shift in the phase of the 
electron wave can be mimicked by ap­
plying an electromagnetic field. For ex-

GLOBAL ISOTOPIC-SPIN ROTATION 

PROTON NEUTRON 

EB ® ® ® EB 
* @ @ ®) ® ® 

NEUTRON PROTON 

LOCAL ISOTOPIC-SPIN ROTATION 

I EB  69 ® ® m l 
i @  ® �®) @ � 
ISOTOPIC-SPIN SYMMETRY serves as the basis of another gauge theory, first discussed in 
1954 by C. N. Yang and Robert L. Mills. If isotopic-spin symm etry is valid, the choice of which 
position of the internal arrow indicates a proton and which a neutron is entirely a matter of con­
vention. Global symm etry (upper diagram) requires the sam e convention to be adopted every­
where, and any rotation of the. arrow must be made in the same way at every point. In the 
Yang-Mills theory isotopic spin is made a local symm etry (lower diagram), so that the orienta­
tion of the arrow is allowed to vary from place to place. In order to preserve the invariance of 
all observable quantities with respect to such local isotopic-spin transformations it is neces­
sary to introduce at least six fields, corresponding to three massless vector particles, or vector 
bosons. One of these particles can be identified as the photon; the other two carry electric 
charge. The theory has been influential, but in its original form it was unrealistic. It makes pro­
tons and neutrons indistinguishable and predicts massless charged particles that do not exist. 
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ample, the change in the observed inter­
ference pattern caused by interposing a 
half-wave plate in front of one slit could 
be ca used instead by placing the slits 
between the poles of a magnet. From the 
resulting pattern it would be impossible 
to tell which proced ure had been fol­
lowed. Since the gauge conventions for 
the electric and the magnetic potentials 
can be chosen locally, so can the phase 
of the electron field. 

The theory that results from combin­
ing electron matter fields with electro­
magnetic fields is called quantum elec­
trodynamics. Formulating the theory 
and proving its consistency was a labor 
of some 20 years, begun in the 1 920's by 
P .  A. M. Dirac and essentially complet­
ed in about 1 948 by Richard P .  Feyn­
man, J ulian Schwinger, Sin-itiro Tomo­
naga and others. 

The symmetry properties of q uantum 
electrodynamics are unq uestionably 

appealing, but  the theory can be invest­
e d  with physical significance only if it 
agrees with the results of experiments. 
Indeed, before sensible experimental 
predictions can even be made the theory 
m ust pass certain tests of internal con­
sistency. For example, q uantum-me­
chanical theories predict the probabili­
ties of events: the probabilities m ust not 
be negative, and all the probabilities tak­
en together must add up to 1. In addition 
energies must be assigned positive val­
ues but should not be infinite. 

It was not immediately apparent that 
quantum electrodynamics could qualify 
as a physically acceptable theory. One 
problem arose repeatedly in any at­
tempt to calculate the result of even 
the simplest electromagnetic interac­
tions, such as the interaction between 
two electrons. The likeliest sequence of 
events in such an encounter is that one 
electron emits a single virtual photon 
and the other electron absorbs it. M any 
more complicated exchanges are also 
possible, however; indeed, their number 
is infinite. For example, the electrons 
could interact by exchanging two pho­
tons, or three, and so on. The total prob­
ability of the interaction is determined 
by the sum of the contributions of all  the 
possible events. 

Feynman introd uced a systematic pro­
ced ure for tabulating these contribu­
tions by drawing diagrams of the events 
in one spatial d imension and one time 
dimension. A notably troublesome class 
of diagrams are those that include 
"loops, " such as the loop in space-time 
that is formed when a virtual photon is 
emitted and later reabsorbed by the 
same electron. As was shown above, the 
maximum energy of a virtual particle is 
limited only by the time needed for it 
to reach its destination. When a virtual 
photon is emitted and reabsorbed by 
the same particle, the distance covered 
and the time req u ired can be reduced to 
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Yes, the times 'call for 
enonnous sacrifices. 

But who should make them? 
Car makers? Orear buyers? 

As well prepared as you may be in these times to 
accept less in a car, Saab has made it quite lUlllecessary. 

Saabs, you see, are designed and built in such a 
way that, as the experts at Car and Driver ma gazine 
so aptly put it, Saabs stand as " . . .  perpetual monuments 
to the more fundamental virtues of traveling by car." 

Nothing of consequence, in other words, has been 
forgotten. Room. 

The exterior dimensions of the Saab 900 are vir­
tually identical to those of the Audi 4000 and 5000, the 
Volvo DL and GLE, the BMW 320i and 528i and the 
Mercedes 280E. 

Inside, however; the Saab is bigger than all of them. 
By EPA standards, in fact, the Saab is a mid-sized 

car. While the others are all compacts. 

Performance. 
Against the clock in two years of separate road 

tests-all of '78 and '79-the four-cylinder; front-wheel 
drive Saab 900 Turbo was faster than a number of cars 
on the Road & Track slalom course, among them three 
Mercedes, four BMWs, two Ferraris, two Jaguars and 
a couple of Porsches, including the 928. 

(Given that kind of agility, there should be little 
wonder why a couple of Saabs won national titles at the 
'79 SCCA Championships. ) 

Braking. 
A car that goes as quickly as the Saab is obligated 

to brake equally as spectacularly. And the Saab does. 
From 60 to 0 in the Road & Track tests, the 

Saab 900 Turbo stopped faster than two Audis, two 
Jaguars, five BMWs, a Ferrari, a Maserati, a 
Mercedes and a Volvo, among others. 

The Saab 900 has a trunk 
equal in size to those in the 
largest sedans being made 
today. 

Yet when even those 
huge proportions aren't 
large enough and you begin 
wishing you had a station wagon, 
the Saab accommodates you. 

Fold the rear seat down, lift the 
rear hatchback and the Saab presents a station 
wagon-like cargo space over six feet long and 53 cubic 
feet big. 

Comfort. 
The seats in the Saab 900 include such things as 

special thigh supports, lumbar supports, even small 
recesses in the seat back to cradle your shoulder blades. 

On some models, a heating element inside the 
front seats automatically warms you from the bottom 
up when it's cold outside. 

Such meticulous attention to anatomical impera­
tives has yielded one of the most comfortable cars ever 
built. One rated more comfortable in a recent indepen­
dent study; in fact, than the Mercedes 280E, a car that 
costs more than twice as much. 

Economy. 
The Saab 900 is not a tiny compact or sub-compact 

that gets good gas mileage. 
It's a comfortable mid-sized car that does. 
The Saab 900 EMS, for example, get� @ EPA 

estimated mpg and 30 estimated highway mpg. 
Better than the Audi 5000, the Volvo GT, the 

Volvo DL, the Volvo GLE, the Peugeot 604, the BMW 
528� the Mercedes 280E, the Mercedes 280CE and 
the Mercedes 280SE. 

And nearly as good as some of the miniatures. 
(Remember; use estimated mpg for comparison 

only. Mileage varies with speed, trip length and 
weather. Actual highway mileage will probably be less. ) 

Prestige. 
What could be more prestigious in our times than 

buying a new car and not m aking a single, solitary 
compromise? 

Test drive a Saab and youll see how it's possible. 

SAAR 
The most in telligent ear ewrbuilt. 
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zero, and so the maxim um energy can be 
infinite. For this reason some diagrams 
with loops make an infinite contrib ution 
to the strength of the interaction. 

The infinities encountered in quantum 
electrodynamics Jed initially to predic­
tions that have no reasonable interpre­
tation as physical quantities. Every in­
teraction of electrons and photons was 
assigned an infinite probability. The in­
finities spoiled even the description of an 
isolated electron: because the electron 
can emit and reabsorb virtual particles 
it has infinite mass and infinite charge. 

The cure for this plague of infinities is 
the proced ure called renormalization. 
Roughly speaking, it works by finding 
one negative infinity for each positive 
infinity, so that in the sum of all the pos­
sible contributions the infinities cancel. 
The achievement of Schwinger and of 
the other physicists who worked on the 
problem was to show that a finite resi­
due could be obtained by this method. 
The finite resid ue is the theory's predic­
tion. It is uniq uely determined by the 
requirement that all interaction proba­
bilities come out finite and positive. 

The rationale of this procedure can be 
explained as follows. When a measure­
ment is made on an electron, what is 
actually measured is not the mass or 
the charge of the pointlike particle with 
which the theory begins but the proper­
ties of the electron together with its en­
veloping cloud of virtual particles. Only 
the net mass and charge, the measurable 
quantities, are required to be finite at all 
stages of the calculation. The properties 
of the pointlike object, which are called 
the "bare" mass and the "bare" charge, 
are not well defined .  

Initially i t  appeared that the bare 

ABELIAN T RANSFORMATION 

NON·ABELIAN TRANSFORMATION 

o 
o 

o 0 

o 
o 
o 

mass would have to be assigned a value 
of negative infinity, an ab.surdity that 
made many physicists suspicious of the 
renormalized theory. A more careful 
analysis, however, has shown that if the 
bare mass is to have any definite value, it 
tends to zero. In any case all quantities 
with implausible val ues are unobserva­
ble, even in principle. Another objection 
to the theory is more profound: mathe­
matically quantum electrodynamics is 
not perfect. Because of the methods that 
must be used for making predictions in 
the theory the predictions are limited to 
a finite accuracy of some hundreds  of 
decimal places. 

C learly the logic and the internal 
consistency of the renormalization 

method leave something to be desired. 
Perhaps the best defense of the theo­
ry is simply that it works very well. It 
has yielded results that are in agree­
ment with experiments to an accuracy 
of about one part in a billion, which 
makes quantum electrodynamics the 
most accurate physical theory ever de­
vised. It is the model for theories of the 
other fundamental forces and the stan­
dard by which such theories are j udged. 

At the time quantum electrodynam­
ics was completed another theory based 
on a local gauge symmetry had already 
been known for some 3 0  years. It is 
Einstein's general theory of relativity. 
The symmetry in question pertains not 
to a field d istributed through space and 
time but to the structure of space-time 
itself. 

Every point in space-time can be la­
beled by four numbers, which give its 
position in the three spatial dimensions 
and its seq uence in the one time dimen-

sion. These numbers are the coordinates 
of the event, and the procedure for as­
signing such numbers to each point in 
space-time is a coordinate system. On 
the earth, for example, the three spatial 
coordinates are commonly given as lon­
gitude, latitude and altitude; the time co­
ordinate can be given in hours past 
noon. The origin in this coordinate sys­
tem, the point where all four coordi­
nates have values of zero, lies at noon 
at sea level where the prime meridian 
crosses the Equator. 

The choice of such a coordinate sys­
tem is clearly a matter of convention. 
Ships at sea could navigate j ust as suc­
cessfully if the origin of the coordinate 
system were shifted to Utrecht in the 
Netherlands. Every point on the earth 
and every event in its history would 
have to be assigned new coordinates, but 
calculations made with those coordi­
nates would invariably give the same re­
sults as calculations made in the old sys­
tem. In particular any calculation of the 
distance between two points would give 
the same answer. 

The freedom to move the origin of a 
coordinate system constitutes a symme­
try of nature. Actually there are three 
related symmetries: all the laws of na­
ture remain invariant when the coordi­
nate system is transformed by transla­
tion, by rotation or by mirror reflection. 
It is vital to note, however, that the sym­
metries are only global ones. Each sym­
metry transformation can be defined as 
a formula for finding the new coordi­
nates of a point from the old coordi­
nates. Those formulas must be applied 
simultaneo usly in the same way to all 
the points. 

The general theory of relativity stems 

G 

EFFECTS OF REPEATED TRANSFORMATIONS distinguish 
quantum electrodynamics, which is an Abelian theory, from the Yang­
Mills theory, which is non-Abelian. An Abelian transformation is 
commutative: if two transformations are applied in succession, the 
outcom e is the same no matter which sequence is chosen. An example 
is rotation in two dim ensions. Non-Abelian transformations are not 
comm utative, so that two transformations will generally yield differ-

ent results if their sequence is reversed. Rotations in three dimen­
sions exhibit this dependence on sequence. Quantum electrodynam­
ics is Abelian in that successive phase shifts can be applied to an elec­
tron field without regard to the sequence. The Yang-Mills theory is 
non-Abelian because the net effect of two isotopic-spin rotations is 
generally different if the sequence of rotations is reversed. One se­
quence might yield a proton and the opposite sequence a neutron. 
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HOW TO BUILD 
A BOEING. 

Boeing is now building an air­
plane that'll save millions of gal­

lons of fuel: the new generation 757. 
How much will it save? 
A 757 flying 1.3 million miles a 

year will save 1.8 million gallons of 
fuel annually over the airplane it 
will replace. 

Fuel economy has always been a 
concern to an airplane designer. 
Now it's more critical than ever. 

Heading up one engineering 
group is Doug Miller. His specialty 
is preliminary design and devel­
opment. 

Doug and the design team were 
involved in the development of an 
airplane wing that has exception­
ally efficient aerodynamics. It 

would never have been possible if 
Boeing had not been testing and 
perfecting components of light­
weight carbon-fiber and high­
strength pure aluminum alloys. 

THEIIOEINGFA AlILY 
Gming people together. 

Result: The 757 wing will get 
the airplane off the ground and 
flying with less fuel consumption 
than any airplane its size. 

New aerodynamics, new mate­
rials,  and engineering inventive­
ness along with a long-term com­
mitment to constantly reach out 
and explore the unknown have 
made the 757 a reality. 

Boeing believes almost any­
thing is possible. Doug and the 
team are but one part of the im­
mensely complex process that has 
helped create a future world of 
efficient commercial aviation - a 
step that can keep air travel one of 
the best values in the world of 
rising inflation. 
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A mateur 
1elescope Ma/dnjj 
Edited by Albert G. Ingalls 
Foreword by Harlow Shapley 
This  th ree-book set is the 
a uthoritat ive reference l i bra ry 
of the enth ra I I  i ng hobby of 
a mateur  telescope maki ng. 
Th rough these books thou­
sands have d iscovered a fasci ­
nating mechan ica l a rt com­
bined with a great science. 

BOOK ONE begins  at the 
begi n n i ng, teaches the basics 
of glass gri nd i ng and how to 
com plete the fi rst telescope. 
(497 pages, 300 i l l ustrat ions.) 

BOOK TWO leads on i nto ad­
va nced method s of a mate u r  
opt ical work and descri bes 
new projects for the tele­
scope ma ker. (650 pages, 36 1 
i l l ustrat ions.)  

BOOK THREE ope ns up 
further f ie lds of enterprise : 
binoculars, ca mera lenses, 
spect rogra phs, Sch m idt 
opt ics, ray traci ng (made 
easy) . (644 pages, 320 
i l l ustrat ions.)  

r SCIENTI FIC -------, 
AMERICAN ATM Dept. , 
415 Mad ison Avenue, New York, N. Y. 10017 

Please send me postpa id the 
fol lowi ng AMATE U R  TELE­
SCOPE MAK I N G  books. 
My rem ittance of $ __ 

is enclosed . 

o BOOK ONE 
o BOOK TWO 
o BOOK THREE 

$ 8.00 
$ 9.00 
$ 10.00 

For shipment outside U .S. add 75C each . 
Name ____________________ __ 
Address __________ _ 
City __________ _ 
State, _______ Z i p, ___ _ 
R e s i d e n t s  of New Yor k  City p l e a se a d d  
c ity  s a l e s  t a x .  Ot h e r  N Y S  residents 

L p l e a se a d d  state sa l e s  tax p l u s  l ocal  tax.  

-------------� 
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from the fundamental observation that 
the str ucture of space-time is not neces­
sarily consistent with a coordinate sys­
tem made up entirely of straight lines 
meeting at r ight angles; instead a curvi­
l inear coordinate system may be need­
ed.  The lines of longitude and latitude 
employed on the earth constitute such a 
system, since they follow the curvature 
of the earth, 

UNBROKEN SYMMETRY 

MASSLESS VECTOR BOSON 

80 MRA,,,, 

TWO SP IN STATES 

MASSLESS SCALAR BOSON o 
ONE SPIN STATE 

, ISOTOP IC-SP IN 

In s uch a system a local coord inate 
transformation can readily be imagined ,  
Suppose height is defined as vertical dis­
tance from the ground rather than from 
mean sea level. The d igging of a pit  
would then alter the coord inate system, 
but only at those points d irectly over 
the pit. The digging itself represents 
the local coord inate transformation, It 
would appear that the laws of physics 
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HIGGS MECHANISM can lend mass to the photonlike vector bosons of the Yang-Mills theo· 
ry, thereby making the theory more realistic. The massless bosons have three possible spin ori. 
entations (parallel, anti parallel and' transverse to the direction of motion), but only two of these 
are observable; the transverse state does not exist, a peculiarity of all massless particles, which 
move with the speed of light. If the Yang-Mills particles were to acquire a mass, the transverse 
state would become observable, and this added mode of motion must have som e source. In the 
Higgs mechanism the source is an extra scalar field, corresponding to a massless spin.zero boo 
son. The Yang.Mills particle is said to "eat" the Higgs boson, which thereupon becom es an 
unobservable "ghost." The Higgs field also provides a frame of reference (gray arrows) in 
which protons can be distinguished from neutrons. The arrow of the Higgs field rotates along 
with the other arrows in a gauge transformation, and so there is no absolute orientation, but 
the relative orientation of the isotopic-spin. arrows can be measured with respect to the Higgs 
arrow. The symm etry of the theory, which without the Higgs m echanism would have abol· 
ished all differences between the proton and the neutron, has not been lost but only hidden. 
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(or the rules of navigation) do not re­
main invariant after such a transforma­
t ion, and in a universe without gravita­
t ional forces that would be the case. An 
airplane set to fly at a constant height 
would dip suddenly when it flew over 
the excavation, and the accelerations 
needed to follow the new profile of the 
terrain could readily be detected. 

As in electrodynamics, local symme­
try ean be restored only by adding a new 
field to the theory; in general relativity 
the field is of co urse that of gravitation. 
The presence of this field offers an alter­
native explanation of the accelerations 
detected in the airplane: they could re­
sult not from a local change in the coor­
dinate grid but from an anomaly in the 
gravitational field. The source of the 
anomaly is of no concern: it could be a 
concentration of mass in the earth or a 
d istant object in space. The point is that 
any local transformation of the coordi­
nate system could be reproduced by an 
appropriate set of gravitational fields. 
The pilot of the ;:tirplane could not dis­
ting u ish one effect from the other. 

Both M axwell's theory of electro­
magnetism and Einstein's theory of 

gravitation owe much of their beauty to 
a local gauge symmetry; their success 
has long been an inspiration to theoreti­
cal physicists. Until recently theoretical 
acco unts of the other two forces in na­
ture have been less satisfactory. A theo­
ry of the weak force formulated in the 
1 93 0's  by Enrico Fermi accounted for 
some basic features of the weak interac­
tion, but the theory lacked local symme­
try. The strong interactions seemed to 
be a j ungle of mysterious fields and res­
onating particles. It is now clear why 
it took so long to make sense of these 
forces :  the necessary local gauge theo­
ries were not understood. 

The first step was taken in 1 9 5 4  in a 
theory devised by C. N. Yang and Rob­
ert  L.  M ills,  who were then at the Brook­
haven N ational Laboratory. A similar 
idea was proposed independently at 
about the same time by R. Shaw of the 
University of Cambridge. Inspired by 
the  success of the other gauge theories, 
these theories begin with an established 
global symmetry and ask what the con­
sequences would be if it were made a lo­
cal  symmetry. 

The symmetry at issue in the Yang­
M ills theory is isotopic-spin symmetry, 
the r ule stating that the strong interac­
t ions of matter remain invariant (or 
nearly so) when the identities of protons 
and ne utrons are interchanged .  In the 
global symmetry any rotation of the in­
ternal arrows that indicate the isotopic­
spin state m ust be made simultaneously 
everywhere. Postulating a local symme­
try allows the orientation of the arrows 
to vary independently from place to 
place and from moment to moment. Ro­
tat ions of the arrows can depend on any 
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arbitrary function of position and time. 
This freedom to choose different con­
ventions for the identity of a n uclear 
particle in different places constitutes a 
local gauge symmetry. 

As in other instances where a global 
symmetry is converted into a local one, 
the invariance can be maintained only if 
something more is added to the theory. 
Because the Yang- M ills  theory is more 
complicated than earlier gauge theories 
it turns out that q uite a lot more must be 
added.  When isotopic-spin rotations are 
made arbitrarily from place to place, the 
laws of physics remain invariant only if 
six new fields are introduced. They are 
all vector fields, and they all have infi­
nite range.  

The Yang- M ills  fields are constr ucted 
on the model of electromagnetism, and 
indeed two of them can be identified 
with the ordinary electric and magnet­
ic fields. In other words, they describe 
the field of the photon. The remaining 
Yang- M ills  fields can also be taken in 
pairs and interpreted as electric and 
magnetic fields, but the photons they de­
scribe differ in a crucial respect from the 
known properties of the photon: they 

are still massless spin-one particles, but 
they carry an electric charge. One pho­
ton is negative and one is positive. 

The imposition of an electric charge 
on a photon has remarkable conse­

quences.  The photon is defined as the 
field q uantum that conveys electromag­
netic forces from one charged particle 
to another. If the photon itself has a 
charge, there can be direct electromag­
netic interactions among the photons. 
To cite j ust one example, two photons 
with opposite charges might bind to­
gether to form an "atom" of light. The 
famil iar ne utral photon never interacts 
with itself in this way. 

The s urprising effects of charged pho­
tons become most apparent when a lo­
cal symmetry transformation is applied 
more than once to the same particle. In 
q uantum electrodynamics, as was point­
ed out above, the symmetry operation is 
a local change in the phase of the elec­
tron field, each such phase shift being 
accompanied by an interaction with the 
electromagnetic field. It is easy to imag­
ine an electron undergoing two phase 
shifts in succession, say by emitting a 
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WEINBERG-SALAM-WARD MODEL incorporates electromagnetism and the weak force 
in a local gauge theory. The model applies to the interactions of the particles called leptons, 
which include the electron (e - ), the muon (fL - ) and two kinds of n eutrino (ve and v_). A re­
quirement that the interactions of these particles remain invariant with respect to local trans­
formations of a leptonic equivalent of isotopic spin gives rise to four massless fields. Three of 
these fields are then given a mass through the Higgs m echanism; they become the interm ediate 
vector bosons W+ , W- and Zoo The fourth vector boson is the photon. Three of the Higgs parti­
cles are eaten by the vector bosons and becom e ghosts, but a fourth is left over and should be 
observable. The theory does not truly unify the electromagnetic forces and the weak forces be­
cause the photon is still in a family of its own. A theory proposed by Howard Georgi and She1-
don Lee Glashow suggested a more profound unification, where the photon and the massive 
vector bosons were in the same family, but that theory is now contradicted by experim ent. 
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photon and later absorbing one.  Intui­
tion s uggests that if the sequence of the 
phase shifts were reversed,  so that first 
a photon was absorbed and later one 
was emitted, the end result would be the 
same. This is indeed the case. An unlim­
ited series of phase shifts can be made, 
and the final result will be simply the 
algebraic sum of all the shifts no matter 
what their sequence. 

In the Yang- M ills theory, where the 
symmetry operation is a local rotation 
of the isotopic-spin arrow, the result of 
m ultiple transformations can be quite 
different. S uppose a hadron is subjected 
to a gauge transformation, A. followed 
soon after by a second transformation, 
B; at the end of this sequence the isotop­
ic-spin arrow is found in the orientation 
that corresponds to a proton. N ow sup­
pose the same transformations were ap­
plied to the same hadron but in the re­
verse sequence : B followed by A. In gen­
eral the final state will not be the same; 
the particle may be a ne utron instead of 
a proton. The net effect of the two trans­
formations depends explicitly on the se­
q uence in which they are applied. 

Because of this distinction q uantum 
electrodynamics is called an Abelian 
theory and the Yang- M ills  theory is 
called a non-Abelian one. The terms are 
borrowed from the mathematical theo­
ry of groups and honor N iels Henrik 
Abel, a N orwegian mathematician who 
lived in the early years of the 1 9th centu­
ry. Abelian groups are made up of trans­
formations that, when they are applied 
one after another, have the commuta­
tive property; non-Abelian groups are 
not commutative. 

Comm utation is famil iar in arithme­
tic as a property of addition and multi­
plication, where for any numbers A and 
B it can be stated that A + B = B + A 
and A X B = B X A. How the principle 
can be applied to a group of transfor­
mations can be ill ustrated with a famil­
iar example: the group of rotations. All 
possible rotations of a two-dimension­
al object are commutative, and so the 
group of such rotations is Abelian. For 
instance ,  rotations of + 60 degrees and 
- 90 degrees yield a net rotation of - 3 0  
degrees n o  matter which is applied first. 
For a three-dimensional object free to 
rotate about three axes the commuta­
tive law does not hold, and the group 
of three-dimensional rotations is non­
Abelian. As an example, consider an 
airplane heading d ue north in level 
flight. A 90-degree yaw to the left fol­
lowed by a 90-degree roll to the left 
leaves the airplane heading west with 
its left wing tip pointing straight down. 
Reversing the sequence of transforma­
tions, so that a 90-degree roll to the 
left is followed by a 90-degree left yaw, 
puts the airplane in a nose dive with the 
wings aligned on the north-so uth axis. 

Like the Yang- M ills theory, the gen­
eral theory of relativity is non-Abelian: 
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The story goes that Henry Ford 
once hired an efficiency expert to 
evaluate his company. 

After a few weeks, the expert 
made his report. It was highly favor­
able except for one thing.  

"It's that man down the hall ;' 
said the expert. "Every time I go by his 
office he's j ust sitting there with his 
feet on his desk . He's wasting your 
money." 

"That man;' repl ied Mr. Ford, "once had an idea that saved us mil l ions of 
dollars. At the time, I believe his feet were planted right where they are now." 

At IBM, we have 46 people like that, and we don't worry about where they 
put their feet either. They are the IBM Fellows. 

They earned the title by having ideas that made a difference. Their job is to 
have more ideas l ike that, but under a very special condition. 

Its called freedom .  
Freedom from deadlines .  Freedom from committees. Freedom from the 

usual l imits of corporate approval . 
For a term of at least 5 years, an IBM Fellow is free to pursue any advanced 

project of value to IBM, even if chances for success may seem remote. 
As a result, some of the great innovations of our time have come from 

IBM Fellows. 
We may not always understand what they're doing, much less how they do 

it. But we do know this : 
The best way to inspire an IBM Fellow is to get out of the way. � � ��"'fi * 

© 1980 SCIENTIFIC AMERICAN, INC



INTRODUCING 51. 
VE5PM5 YES MACHINE. 

No more "no's , "  it's time to say "yes " to an entirely new and 
innovative moped , the Vespa Si (say "see, "  Italian for "yes"). 
Yes , to the unmistakably sophisticated and sleek design that 
says , " It's a Vespa. " 
Test ride a Si moped and say "yes" to the remarkably smooth 
ride.  That's because the Si uses a unique and advanced in­
ternal cantilever suspension. The shock absorbing action is 
hidden, but you'll know it's functioning. The front suspension 
is a telescopic fork in oil bath with springs and rebound 
buffers. 
Say "yes" to the unique, sporty mag wheels which are standard 
equipment on all Si's .  
"Yes" to the great mileage the Si gives-up to 1 40 mpg. Now 
that's economy. 
"Yes " to the variable ratio drive that delivers extra power 
when it's needed . 
Say "yes" to the efficient two stroke engine. It's practically 
maintenance-free !  
The new Vespa Si moped. Proudly brought t o  you b y  Vespa 
of America and the Piaggio Group, along with other Vespa 
mopeds, the Ciao (say "chow'' ' ) ,  Bravo, and two-passenger 

Grande. With over 6 million Vespa scooters and over 2 
million Vespa mopeds sold throughout the world,  Vespa 
and Piaggio have built up in over thirty years a world wide 
reputation for two wheel excellence. So we back all our 
Vespa mopeds and scooters with a 1 2-month , unlimited 
mileage warranty. 
Now, how can you say no to a Si? 

For the Vespa dealer nearest you ,  check your local Yellow 
Pages , or write us. 

M i leage i s  based on  CUNA Standards .  You rs may vary. The Vespa G"od, " ",' " " .  ,., ""'i�y,,,,,og,, 00"'' '00 " 00<  
perm itted i n  some states. G1::i Check local  laws for  oper· 
at ion and ownersh i p .  Ask your Vespa dealer about 
Vespa L im ited Warranty. ., ••• ,. Vespa of Amer ica ,  
Consumer  Relat ions ,  ® 355 Val ley Dr ive ,  

PIAGGIO GROUP Br isbane,  C A  94005. vespa® 
THE UNCOMMON CARRIER 
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in making two succe ssive coord inate 
transformations, the order in which the y 
are made usually has an effect on the 
ou tcome . In the past 10 years or so sev­
eral more non-Abelian theories have 
been devised, and even the electromag­
netic interactions have been incorporat­
e d  into a larger theory that is non-Abeli ­
an. For now, at least ,  it seems all the 
forces of nature are governe d by non­
Abel ian gauge the ories. 

The Yang - M ills theory has prove d to 
be of monumental importance, but  

as it was originally formulated it was 
totally unfit to describe the real  world.  A 
first objection to it is that isotopic-spin 
symmetry becomes exact, with the re­
sult  that protons and neutrons are indis­
tinguishable; this situation is obviously 
contrary to fact. Even more troubling is 
the pred iction of electrically charged 
photons. The photon is necessarily 
massless beca use it m ust have an infinite 
range . The existence of any e lectrically 
charged particle lighter than the elec­
tron would alter the world beyond rec­
ognition. Of course, no such particle has 
been observed .  In spite of these difficul ­
t ies  the  theory has  great bea uty and phil­
osophical appeal .  One strategy adopt­
ed in an attempt to fix its defects was 
to artificially endow the charged field 
quanta with a mass greater than zero. 

Imposing a mass on the quanta of the 
charged fields does not make the fields 
disappear, but it does confine them to a 
finite range. If the mass is large enough, 
the range can be made as small as is 
wished.  As the long-range effects are 
removed the existence of the fields can 
be reconciled with experimental obser­
vations. M oreover, the selection of the 
ne utral Yang- M ills  field as the only 
real long-range one automatically dis­
tinguishes protons from ne utrons. Since 
this field is simply the electromagnetic 
field, the proton and the ne utron can be 
distinguished by their differing interac­
tions with it, or in other words by the ir 
differing electric charges. 

With this mod ification the local sym­
metry of the Yang - M ills  theory would 
no longer be exact but approximate, 
since rotation of the isotopic-spin ar­
row would now have observable con­
sequences. That is not a fundamental 
objection: approximate symmetries are 
quite commonplace in nature. (The bi­
lateral symmetry of the h uman body is 
only approximate . )  Moreover, at dis­
tance scales much smaller than the 
range of the massive components of 
the Yang - M ills  field, the local symme­
try becomes better and better. Th us in 
a sense the microscopic structure of the 
theory could remain locally symmetric, 
but not its predictions of macroscopic, 
observable events. 

The modified Yang- M ills theory was 
easier to understand, but the theory still 
had to be given a quantum-mechanical 

HADRONS HADRONS 
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---

W -
---
---
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CHARGED WEAK CURRENTS 
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HADRONS + 

+ + 

zo 
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---

NEUTRAL ELECTROMAGNETIC CURRENT NEUTRAL WEAK CURRENT 

NEUTRAL WEAK CURRENTS provide the decisive test of the W einberg-Salam-Ward mod­
el. It once appeared that all weak interactions involved a transfer of electric charge between 
the interacting particles; these events could be explained by just two interm ediate vector bo­
sons, the W+ and the W- . Events in which no charge w·as transferred were characteristic of 
electromagnetic interactions, where the exchanged virtual particle is a photon. The Weinberg­
Salam-Ward model predicts that weak interactions can also proceed without charge transfer; 
these neutral weak currents are m ediated by the neutral boson Zo, which is identical with the 
photon except that it has a very large mass. Neutral weak currents were first observed in 1973. 

interpretation. The problem of infinities 
turned out to be severer than it had 
been in quantum electrodynamics, and 
the standard recipe for renormalization 
would not solve it. New techniques had 
to be devised .  

An important i d e a  w a s  introd uced i n  
1 963 by Feynman: it is t h e  notion of a 
"ghost" particle, a particle added to a 
theory in the course of a calculation that 
vanishes when the calculation is fin­
ished.  It is known from the outset that 
the ghost particle is fictitious, but its use 
can be j ustified if it never appears in the 
final state. This can be ensured by mak­
ing certain the total probabil ity of pro­
d ucing a ghost particle is always zero. 

Among theoretical groups that con-

tinued work on the Yang- M ills theory 
the ghost-particle method was taken 
seriously only at the University of 
Utrecht, where I was then a student. 
M artin J .  G.  Veltman, my thesis adviser, 
together with John S.  Bell  of the E uro­
pean Organization for N uclear Re­
search (CERN) in Geneva, was led to 
the conclusion that the weak interac­
tions might be described by some form 
of the Yang- M ills  theory. He undertook 
a systematic analysis of the renormali­
zation problem in the modified Yang­
M ills  model (with massive charged 
fields),  examining each class of Feyn­
man diagrams in turn. The diagrams 
having no closed loops were readily 
shown to make only finite contributions 
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to the total interaction probability. The 
diagrams with one loop do include infi­
nite terms, but by exploiting the proper­
ties of the ghost particles it was possible 
to make the positive infinities and the 
negative ones cancel exactly. 

As the number of loops increases, the 
number of diagrams rises steeply; more­
over, the calculations required for each 
diagram become more intricate. To as­
sist in the enormous task of checking all 
the two-loop d iagrams a computer pro­
gram was written to handle the algebra­
ic manipUlation of the probabilities. The 
output of the program is a list of the 
coefficients of the infinite quantities re­
maining after the contributions of all the 
diagrams have been summed. If the in­
finities are to be expunged from the the­
ory, the coefficients must without excep­
tion be zero. By 1 970 the results were 
known and the possibility of error had 
been excluded; some infinities remained.  

The failure of the modified Yang­
M ills theory was to be blamed not 

on any defect in the Yang - M ills formu­
lation itself but rather on the modifica­
tions. The masses of the charged fields 
had to be put in "by hand" and as a re­
sult the invariance with respect to local 
isotopic-spin rotations was not quite 
perfect. It was suggested at the time by 
the Russian investigators L. D. Faddeev, 
V. N. Popov, E. S .  Fradkin and I .  V. 
Tyutin that the pure Yang-Mills theo­
ry, with only massless fields, could in­
deed be renormalized. The trouble with 
this theory is that it not only is unreal­
istic but also has long-range fields that 
are difficult to work with. 

In the meantime another new ingredi­
ent for the formulation of gauge theo­
ries had been introduced by F. Englert 
and Robert H. Brout of the University 
of Brussels and by Peter Higgs of the 
University of Edinburgh. They found a 
way to endow some of the Yang - M ills 
fields with mass while retaining exact 
gauge symmetry. The technique is now 
called the Higgs mechanism. 

The fundamental idea of the Higgs 
mechanism is to include in the theory an 
extra field, one having the peculiar prop­
erty that it does not vanish in the vacu­
um. One usually thinks of a vacuum as a 
space with nothing in it, but in physics 
the vacuum is defined more precisely as 
the state in which all fields have their 
lowest possible energy. For most fields 
the energy is minimized when the value 
of the field is zero everywhere, or in 
other words when the field is "turned 
off. " An electron field, for example, has 
its minimum energy when there are no 
electrons. The Higgs field is unusual in 
this respect. Reducing it to zero costs 
energy; the energy of the field is smallest 
when the field has some uniform value 
greater than zero. 

The effect of the Higgs field is to p�o­
vide a frame of reference in which the 

orientation of the isotopic-spin arrow 
can be determined.  The Higgs field can 
be represented as an arrow superposed 
on the other isotopic-spin indicators in 
the imaginary internal space of a had­
ron. What distinguishes the arrow of the 
Higgs field is that it has a fixed length, 
established by the vacuum value of the 
field. The orientation of the other iso­
topic-spin arrows can then be measured 
with respect to the axis defined by the 
Higgs field. In this way a proton can be 
distinguished from a neutron. 

It  might seem that the introduction of 
the Higgs field would spoil the gauge 
symmetry of the theory and thereby 
lead again to insoluble infinities. In ac­
tuality, however, the gauge symmetry 
is not destroyed but merely concealed .  
The symmetry specifies that al l  the laws 
of physics must remain invariant when 
the isotopic-spin arrow is rotated in an 
arbitrary way from place to place. This 
implies that the absolute orientation of 
the arrow cannot be determined, since 
any experiment for measuring the ori­
entation would have to detect some var­
iation in a physical quantity when the 
arrow was rotated.  With the inclusion 
of the Higgs field the absolute orienta­
tion of the arrow still cannot be deter­
mined because the arrow representing 
the Higgs field also rotates during a 
gauge transformation. All that can be 
measured is the angle between the ar­
row of the Higgs field and the other 
isotopic-spin arrows, or in other words 
their relative orientations. 

The Higgs mechanism is an example 
of the process called spontaneous sym­
metry breaking, which was already well 
established in other areas of physics. 
The concept was first put forward by 
Werner Heisenberg in his description 
of ferromagnetic materials. Heisenberg 
pointed out that the theory describing a 
ferromagnet has perfect geometric sym­
metry in that it gives no special distinc­
tion to any one direction in space. When 
the material becomes magnetized, how­
ever, there is one axis-the direction 
of magnetization-that can be distin­
guished from all other axes. The theory 
is symmetrical but the object it describes 
is not. Similarly, the Yang- M ills theory 
retains its gauge symmetry with respect 
to rotations of the isotopic-spin arrow, 
but the objects described-protons and 
neutrons-do not express the symmetry. 

How does the Higgs mechanism lend 
mass to the quanta of the Yang - M ills 
field? The process can be explained as 
follows. The Higgs field is a scalar quan­
tity, having only a magnitude, and so the 
quantum of the field must have a spin of 
zero. The Yang - M ills fields are vectors, 
like the electromagnetic field, and are 
represented by spin-one quanta. Ordi­
narily a particle with a spin of one unit 
has three spin states (oriented parallel, 
anti parallel and transverse to its direc­
tion of motion), but because the Yang-
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A report on the great American forest. 

Money does g row on trees. 
(And vice versa� 

Consider 
the wonder­
fully versatile 
American forest. 

It provides 
all Americans with 
useful wood and paper 
products, recreation, natural 
beauty, protection for watersheds and wildlife. 

But it goes even farther, making these less ob­
vious, but no less important, contributions to the 
country's economic well-being: 

Jobs - millions of workers in the woods, in the 
factories that turn wood and fiber into thousands of 
essential products, and on construction sites all over 
this growing land. 

Taxes - billions of dollars a year, going to sup­
port schools, hospitals,  public safety, countless other 
vital public services. 

International trade - wood products we export 
help strengthen the American dollar and improve the 
nation's balance of payments. 

Inflation deterrent - the more productive the 
forest, the more likely that the nation's supply of 
wood and paper products will be adequate to meet 
sharply increasing demands - and will be available 
at reasonable prices. Thus, a productive commercial 
forest, growing trees for today and tomorrow, be­
comes a significant inflation fighter. 

Your stake in the commercial forest 
So every American has a stake in increasing the 

productivity of the commercial forests. (Commercial 
forest, as defined by the U.S.  Forest Service, is all 

Trees. 

forestland - whether 
owned by individuals ,  
government o r  the for­
est industry - that is 
capable of, and poten-
t i a l l y  a v a i l a b l e  fo r ,  
growing repeated crops 
of trees for harvest. It 
includes land in Na-

tional Forests but not 
in National Parks or Wilderness areas.) 

So far, the commercial forest has been able to 
cope with all the demands made on it. But we can't 
expect it to continue to provide its benefits auto­
matically. 

Why trees need money too 
If wood supply is to keep up with the predicted 

doubling of demand in this nation over the next 50 
years, expenditures for replanting and regeneration 
will have to be substantially increased. 

And the greatest potential for improvement is on 
publicly held land. 

So that means the nation needs to establish 
policies and take actions to encourage productivity ­
not only in the National Forests but in other forests 
as well. 

If you'd like to be better informed on how impor­
tant it is to keep America's forests productive, write 
American Forest Institute, P.O. Box 873, Springfield, 
VA 22150 for a free booklet, "The Great American 
Forest." 

The great American forest. Trees for tomorrow. 
And tomorrow. And all the tomorrows after that. 
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a brand new - very old Idea 
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Many times in searching America's past we 
come across something which enhances the 
enjoyment of the present. Such is the case of 
our "Revolving Bookcase". Great men l ike 
Thomas Jefferson realized its efficiency and 
beauty. Our bookcase is meticulously fash­
ioned of fine hardwoods. and hand rubbed 
to a pol ished walnut or mahogany fin ish. 
One fi nger moves 600 pounds of books with 
ease. Absolute Satisfaction Guaranteed. 
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Personal Checks Accepted 
SEND ORDERS TO: 

THE LAZY LAWYER CO., DEPT. SA30 
203 Myrtle Street P.O. Drawer 638 

Foley, Alabama 36535 
For Speedier Service Cal l : 205- 943-1800 

Garden Camela 
CALCU LATORS 

Hewlett Packard 
HP 67 . . . . . . . . . . . • . . . $ 298.50 

H P  97 . . . .  . . 584.50 

H P 3 1 E  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  39.50 

H P  32E . . . . . . . . . . . . .  5 1 .9 5  

H P  3 3 E  . . . . . . . . . . . . . .  6 9 . 9 5  

H P  3 7 E  . . . . . . . . . 5 7 . 9 5  

H P  38E . . . . . . . . . . . . . .  . . . . . . . . .  89.95 

H P  33C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  97.50 

H P 34C . . . . . . . . . . . . . . . . . . . . . . . .  1 24.50 

H P  38C . . . . . . . . . . . . . .  . .  . . . . . . . . . . .  . . . . . . . . . . . .  1 24.50 

H P 4 1 C  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  249.50 

Accessories . . .Cal l 

T1 57 . 
Texas I nstruments 

47.95 

TI 58C . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89.50 

TI 59 . . . . . . . .  208.50 

PC 1 00C . . . . . .  . . .  1 44.00 

TI MBA . . . . .  52.50 

Canon 
P l 0·D . . . . . . . . . . . . . . . . . . . . . . . 68.75 

P l 0 l ·D . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  99.95 

Palmtronie LC-4 . . . . . . . . . . . . . . . . . . . .  . . . . . .  1 8 .50 

Palmtronie LC·5 . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24.50 

"Credit Card" LC·6 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  24.50 

LC Quartz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44.50 

• r------, 
VISA' I Clif lor low prlco. I 

I on N lkon, M l noltl,  I P rice. subject to 
chlngo without notice 

Sp •• d your order 
TOLL FREE!  

O lympu. Ind I I I  

I M IJor B ro nd I 
I Comor. .  I 
...._- - --_ . 

Call 1 (800) 223-0595 
Or Send polle ge end hendllng to 

GARDEN CAMERA 
345 Seventh Avenue, N.Y., N .Y. 1 0001 

N ew York, Alilki ' Hlwlli  CIII: 
Tel: (212) 888-1420 Open WeekdaYI 8:30-8:00 
OPEN SUN DAYS 10-4 p.m. C loled SaturdaYI 

SOME SERIOUS N arES  ON MOVING. 
By Victor Borge 

When you move, make sure your Your Post Office or Postman can 
mail arrives at your new address supply you with free Change-of­
right after you do. Address Kits to make notifying 

who regularly sends you mail one One last serious note . � 
The key is this: Notify everyone even easier. 00 full month before you move . Use your new ZIP Code. fa ., 

Don't make your mail come looking for you. 
Notify everyone a month before you move . 

©USPS 1980 

130 

M ills particles are massless and move 
with the speed of l ight they are a special 
case; their transverse states are missing. 
If the particles were to acquire a mass, 
they would lose this special status and 
all three spin states would have to be 
observable.  In quantum mechanics the 
acco unting of spin states is strict and 
the extra state must come from some­
where; it comes from the Higgs field .  
Each Yang- M il ls  q uantum coalesces 
with one Higgs particle; as a result  the 
Yang - M ills particle gains mass and a 
spin state, whereas the Higgs particle 
disappears. A pict uresque description 
of this process has been suggested by 
Abdus Salam of the International Cen­
ter for Theore tical Physics in Trieste : 
the massless Yang - M ills particles "eat" 
the Higgs particles in order to gain 
we ight, and the swallowed Higgs parti­
cles become ghosts. 

I n 1 97 1 ,  Veltman suggested that I in­
vestigate the renormalization of the 

pure Yang- M ills  theory . The rules for 
constr ucting the needed Feynman dia­
grams had already been form ulated by 
Faddeev, Popov, Fradkin and Tyutin, 
and independently by Bryce S .  DeWitt 
of the University of Texas at Austin and 
Stanley Mandelstam of the University 
of California at Berkeley. I could adapt 
to the task the powerful methods for re­
normalization studies that had been de­
veloped by Veltman. 

Formally the results were encourag­
ing, but if the theory was to be a realis­
tic one, some means had to be found to 
confine the Yang - M ills fields to a finite 
range. I had j ust learned at a summer 
school how K urt Symanzik of the Ger­
man Electron Synchrotron and Benja­
min W. Lee of the Fermi N ational Ac­
celerator Laboratory had successfully 
hand led the renormalization of a theo­
retical model in which a global symme­
try is spontaneo usly broken. It therefore 
seemed nat ural to try the Higgs mecha­
nism in the Yang - M ills theory, where 
the broken symmetry is a local one. 

A few simple models gave enco urag­
ing results :  in these selected instances all 
infinities canceled no matter how many 
gauge particles were exchanged and no 
matter how many 100ps were included 
in the Feynman diagrams. The dec isive 
test would come when the theory was 
checked by the comp uter program for 
infinities in all possible diagrams with 
two loops. The results of that test were 
available by J uly, 1 97 1 ;  the output of 
the program was an uninterr upted string 
of zeros. Every infinity canceled exactly.  
S ubsequent checks showed that infini­
ties were also absent even in extremely 
complicated Feynman diagrams. My re­
sults were soon confirmed by others, 
notably by Lee and by Jean Zinn-J ustin 
of the Saclay N uclear Research Center 
near Paris. 

The Yang- M ills theory had begun as 
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a model of the strong interactions, but 
by the time it had been renormalized 
interest in it centered on applications to 
the weak interactions. In 1 967 Steven 
Weinberg of Harvard University and in­
dependently (but later) Salam and John 
C. Ward of Johns Hopkins University 
had proposed a model of the weak inter-

"actions based on a version of the Yang­
M ills theory in which the gauge quanta 
take on mass through the Higgs mecha­
nism. They speculated that it might be 
possible to renormalize the theory, but 
they did not demonstrate it. Their ideas 
therefore joined many other untested 
conjectures until some four years later, 
when my own results showed it was just 
that subclass of Yang-Mills theories in­
corporating the Higgs mechanism that 
can be renormalized. 

The most conspicuous trait of the 
weak force is its short range : it has a 

significant influence only to a distance 
of 1 0 - 15 centimeter, or roughly a hun� 

dredth the radius of a proton. The force 
is weak largely because its range is so 
short: particles are unlikely to approach 
each other closely enough to interact. 
The short range implies that the virtual 
particles exchanged in weak interactions 
must be very massive. Present estimates 
run to between 80 and 1 00 times the 
mass of the proton. 

The Weinberg-Salam-Ward model 
actually embraces both the weak force 
and electromagnetism. The conjecture 
on which the model is ultimately found­
ed is a postulate of local invariance with 
respect to isotopic spin; in order to pre­
serve that invariance four photonlike 
fields are introduced, rather than the 
three of the original Yang-Mills theory. 
The fourth photon could be identified 
with some primordial form of electro­
magnetism. It corresponds to a separate 
force, which had to be added to the theo­
ry without explanation. For this reason 
the model should not be called a unified 
field theory. The forces remain distinct; 
it is their intertwining that makes the 
model so peculiar. 

At the outset all four of the fields in 
the Weinberg-Salam-Ward model are of 
infinite range and therefore must be con­
veyed by massless quanta; one field car­
ries a negative electric charge, one car­
ries a positive charge and the other two 
fields are neutral. The spontaneous sym­
metry breaking introduces four Higgs 
fields, each field represented by a scalar 
particle. Three of the Higgs fields are 
swallowed by Yang-Mills particles, so 
that both of the charged Yang-Mills 
particles and one of the neutral ones 
take on a large mass. These particles are 
collectively named massive intermedi­
ate vector bosons, and they are designat­
ed W+, W- and Zoo The fourth Yang­
M ills particle, which is a neutral one, 
remains massless: it is the photon of 
electromagnetism. Of the Higgs parti-
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c1es,  the three that lend mass to the 
Yang" M ills particles become ghosts and 
are there fore unobservable, but the last 
Higgs particle is not absorbe d,  and it 
sho uld be seen if enough energy is avail­
able to produce it .  

The most intriguing pred iction of the 
model was the existence of the ZO, a par­
ticle identical with the photon in all re­
spects except mass, which had not been 
incl uded in any of the earlier, provision­
al accounts of the weak force .  Without 
the ZO any weak interaction would nec­
essari ly  entail an exchange of electric 
charge. Events of this kind are called 
charged-weak-c urrent events. The ZO 
introd uced a new kind of weak interac ­
tion, a ne utral-weak-c urrent event.  By 
exchanging a ZO, particles would inter­
act without any transfer of charge and 
could retain their original identities.  
N e utral weak c urrents were first ob­
served in 1 973 at C E R N .  

The elaboration of a successful gauge 
theory of the strong interactions, which 
are uniq ue to hadrons, could not be 
undertaken until a fundamental fact 
about the hadrons was understood : they 
are not e lementary particles.  A model of 
hadrons as composite objects was pro­
posed in 1 963 by M urray Gell - M ann 
of the California Inst itute of Technolo­
gy;  a sim ilar idea was introduced inde­
pendently and at about the same time 
by Y uval N e 'eman of Tel Aviv Univer­
sity and George Zweig of Cal Tech. In 
this model hadrons are made up of 
the smaller particles Gell- M ann named 
q uarks. A hadron can be built out of 
quarks according to ei ther of two blue­
prints .  Com bining three q uarks gives 
rise to a baryon, a class of hadrons that 
incl udes the proton and the neutron. 
Bind ing together one quark and one an­
tiq uark makes a meson, a class typified 
by the pions. Every known hadron can 
be accounted for as one of these allowed 
combinations of quarks. 

I n the original model there were j ust 
three kinds of quark, de signated "up,"  

"down" and "strange . "  James D.  Bjor­
ken of the Stanford Linear Accelera­
tor Center and Sheldon Lee G lashow of 
Harvard soon proposed add ing a fourth 
q uark bearing a property called charm. 
In 1 97 1  a beautiful argument by Glash­
ow, John Il iopoulos of Paris and Luci­
ano M a iani of the University of Rome 
showed that a q uark with charm is need­
ed to c ure a d iscrepancy in the gauge 
theory of weak interactions. Charmed 
quarks, it was concl uded, must exist if 
both the gauge theory and the quark the­
ory are correct.  The discovery in 1 974 of 
the J or psi part icle,  which consists of 
a charmed quark and a charmed anti­
quark, supported the Weinberg-Salam­
Ward model and persuaded many phys­
icists that the q uark model as a whole 
should be taken serio usly. I t  now ap­
pears that at least two more "flavors," or 
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QUARK MODEL d escribes all hadrons, including the proton and the neutron, as being com­
posite particles made up of the smaller entities called quarks. In the original form of the model 
the quarks were assumed to come in three "flavors," labeled II, d and s, each of which is now 
said to have three possible "colors," red, green and blue. There are also antiquarks with the cor­
responding anticolors cyan, magenta and yellow. The interactions of the quarks are now d e­
scribed by means of a gauge theory based on invariance with respect to local transformations 
of color. Sixteen fields are needed to hold this invariance. They are taken in pairs to make up 
eight massless vector bosons, called gluons, each bearing a combination of color and anticolor. 

kinds, of q uark are needed;  they have 
been labeled "top" and "bottom . "  

The primary task of any theory of the 
strong interactions is to explain the pe­
cul iar rules for building hadrons out of 
q uarks. The str uct ure of a meson is not 
too d ifficult to acco unt for : s ince the me­
son consists of a quark and an anti­
q uark, it is merely necessary to assume 
that the q uarks carry some property 
analogous to electric charge.  The bind­
ing of a q uark and an antiquark would 
then be explained on the principle that 
opposite charges attract, j ust as they do 
in the hydrogen atom. The str uct ure of 
the baryons, however, is a deeper enig­
ma. To explain how three q uarks can 
form a bo und state one m ust ass ume 
that three like charges attract. 

The theory that has evolved to explain 
the strong force prescribes exactly these 
interactions. The analogue of electric 
charge is a property called color (al­
though it can have nothing to do with 
the colors of the visible spectrum).  The 
term color was chosen because the r ules 
for forming hadrons can be expressed 
succinctly by requiring all  allowed com­
binations of q uarks to be "white , "  or 
colorless. The q uarks are assigned the 
primary colors red,  green and blue;  
the antiq uarks have the complementary 
"anticolors" cyan, magenta and yellow. 
Each of the q uark flavors comes in all 
three colors, so that the in trod uction of 
the color charge triples the number of 
distinct q uarks. 

From the available quark pigments 
there are two ways to create white : by 
mixing all three primary colors or by 
mixing one primary color with its com­
pleme ntary anticolor. The baryons are 
made according to the first scheme : the 
three q uarks in a baryon are req uired to 

have d ifferent colors, so that the three 
primary hues are necessarily represent­
ed. In a meson a color is always accom­
panied by its complementary anticolor. 

The theory devised to account for 
these baffiing interactions is modeled 
d irectly on q uantum electrodynamics 
and is called q uant um chromodynam­
ics. It  is a non-Abel ian gauge tpeory. 
The gauge symmetry is an invariance 
with respect to local transformations of 
q uark color. 

I t  is easy to imagine a global color 
symmetry. The quark colors, l ike the 
isotopic-spin states of hadrons, might 
be indicated by the orientation of an ar­
row in some imaginary internal space. 
S uccessive rotations of a third of a t urn 
would change a quark from red to green 
to blue and back to red again. In a bary­
on, then, there would be three arrows, 
with one arrow set to each of the three 
colors. A global symmetry transforma­
tion, by definition, m ust affect all three 
arrows in the same way and at the same 
time. For example, all three arrows 
might rotate clockwise a third of a t urn. 
As a result  of such a transformation all 
three quarks would change color, but 
all observable properties of the hadron 
would remain as be fore . In partic ular 
there would still  be one q uark of each 
color, and so the baryon would remain 
colorless. 

Q uantum chromodynamics requires 
that this invariance be retained even 
when the symmetry transformation is a 
local one . In the absence of forces or 
interactions the invariance is obviously 
lost.  Then a local transformation can 
change the color of one q uark but leave 
the other q uarks unaltered,  which would 
give the hadron a net color. As in other 
gauge theories,  the way to restore the 
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invariance with respect to local symme­
try operations is to introd uce new fields. 
In quantum chromodynamics the fields 
needed are analogous to the electromag­
netic field but are much more compli­
cated; they have eight times as many 
components as the electromagnetic field 
has. It is these fields that give rise to the 
strong force.  

The quanta of the color fields are 
called gl uons ( beca use they glue the 

quarks together). There are eight of 
them, and they are all massless and have 
a spin ang ular momentum of one unit. 
In other words, they are massless vector 
bosons like the photon. Also like the 
photon the gluons are electrically neu­
tral, but they are not color-neutral. Each 
gluon carries one color and one anti­
color. There are nine possible combi­
nations of a color and an anticolor, but 
one of them is equivalent to white and 
is excluded, leaving eight distinct glu­
on fields. 

The gl uons preserve local color sym-

COLORLESS HADRON 

COLORLESS HADRON 

COLORLESS HADRON 

metry in the following way. A quark is 
free to change its color, and it can do so 
independently of all other quarks, but 
every color transformation must be ac­
companied by the emission of a gl uon, 
j ust as an electron can shift its phase 
orily by .emitting a photon. The gluon, 
propagating ' at the speed of light, is then 
absorbed by another quark, which will 
have its color shifted in exactly the way 
needed to compensate for the original 
change . Suppose, for example, a red 
quark changes its color to green and in 
the process emits a gl uon that bears the 
colors red and antigreen. The gluon is 
then absorbed by a green quark, and in 
the ensuing reaction the green of the 
quark and the antigreen of the gl uon an­
nihilate each other, leaving the second 
quark with a net color of red. Hence in 
the final state as in the initial state there 
is one red quark and one green quark. 
Because of the continual arbitration of 
the gluons there can be no net change in 
the color of a hadron, even though the 
quark colors vary freely from point to 

GLOBAL COLOR 
TRANSFORMATION 

LOCAL COLOR 
TRANSFORMATION 
WITHOUT FORCES 

> 

> 

LOCAL COLOR 
TRANSFORMATION 

WITH STRONG FORCE 

> 

point. All hadrons remain white, and the 
strong force is nothing more than the 
system of interactions needed to main­
tain that condition. 

In spite of the complexity of the glu­
on fields, quantum electrodynamics and 
q uantum chromodynamics are remark­
ably similar in form. M ost notably the 
photon and the gl uon are identical in 
their spin and in their lack of mass and 
electric charge . It  is curious, then, that 
the interactions of quarks are very dif­
ferent from those of electrons. 

Both electrons and quarks form 
bound states, namely atoms for the elec­
trons and hadrons for the quarks. Elec­
trons, however, are also observed as in­
dependent particles; a small quantity 
of energy suffices to isolate an electron 
by ionizing an atom. An isolated quark 
has never been detected.  It  seems to be 
impossible to ionize a hadron, no mat­
ter how much energy is supplied.  The 
quarks are evidently bound so tightly 
that they cannot be pried apart; para­
doxically, however, probes of the in-

COLORLESS HADRON 

COLORED HADRON 

COLORLESS HADRON 

COLOR SYMMETRY requires that every hadron remain white, or 
colorless, even when the colors of its constituent quarks have been al­
tered. The color of a quark can be indicated by the position of an arrow 
in an imaginary internal space. Global symm etry is easily achieved. 
If a hadron initially consists of three quarks, one in each of the three 
colors, then any synchronized rotation of all three of the arrows m ust 
leave the overall balance of the colors unchanged. In the absence of 
forces between the quarks, however, the global symm etry cannot be 

converted into a local symm etry. Changing the position of one col­
or arrow while leaving the other two arrows fixed gives the hadron 
a n et color. In order to preserve the local color symm etry, forces 
must be introduced. In particular when the color of one quark is 
changed, a virtual particle must be emitted that will readjust the col­
ors of the other quarks so that the hadron as a whole will remain col­
orless. The fields that are required to ensure the colorlessness of all 
the hadrons are the eight gluon fields of quantum chromodynamics. 
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ternal structure of hadrons show the 
quarks moving freely, as if they were not 
bound at all. 

Gluons too have not been seen direct­
ly in experiments. Their very presence 
in the theory provokes objections like 
those raised against the pure, massless 
Yang-Mills theory. If massless particles 
that so closely resemble the photon ex­
isted, they would be easy to detect and 
they would have been known long ago. 
Of course, it might be possible to give 
the gluons a mass through the Higgs 
mechanism. With eight gluons to be 
concealed in this way, however, the 
project becomes rather cumbersome. 
Moreover, the mass would have to be 
large or the gluons would have been 
produced by now in experiments with 
high-energy accelerators; if the mass is 
large, however, the range of the quark­
binding force becomes too small. 

Atentative resolution of this quanda­
ry has been discovered not by modi­

fying the color fields but by examining 
their properties in greater detail. In dis­
cussing the renormalization of quantum 
electrodynamics I pointed out that even 
an isolated electron is surrounded by a 
cloud of virtual particles, which it con­
stantly emits and reabsorbs. The virtual 
particles include not only neutral ones, 
such as the photon, but also pairs of op­
positely charged particles, such as elec­
trons and their antiparticles, the posi­
trons. It is the charged virtual particles 
in this cloud that under ordinary cir­
cumstances conceal the "infinite" neg­
ative bare charge of the electron. In 
the vicinity of the bare charge the elec­
tron-positron pairs become slightly po­
larized:  the virtual positrons, under the 
attractive influence of the bare charge, 
stay closer to it on the average than the 
virtual electrons, which are repelled.  As 
a result the bare charge is partially neu­
tralized; what is seen at long range is the 
difference between the bare charge and 
the screening charge of the virtual posi­
trons. Only when a probe approaches to 
within less than about 1 0 - 10 centimeter 
do the unscreened effects of the bare 
charge become significant. 

It is reasonable to suppose the same 
process would operate among color 
charges, and indeed it does. A red quark 
is enveloped by pairs of quarks and anti­
quarks, and the antired charges in this 
cloud are attracted to the central quark 
and tend to screen its charge. In quan­
tum chromodynamics, however, there is 
a competing effect that is not present in 
quantum electrodynamics. Whereas the 
photon carries no electric charge and 
therefore has no direct influence on the 
screening of electrons, gluons do bear a 
color charge. (This distinction expresses 
the fact that quantum electrodynamics 
is an Abelian theory and quantum chro­
modynamics is a non-Abelian one.)  
Virtual gluon pairs also form a cloud 
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EXCHANGE OF GLUONS maintains a baryon (made up of three quarks) or a meson (made 
up of a quark and an anti quark) colorless. In this process the total color of the particles is con­
served. For example, a red quark can be converted into a green quark only by emitting a gluon 
that bears the color red and the anticolor magenta; the magenta can be interpreted as antigreen. 
Hence the red of the quark is carried off by the red of the gluon, and green and antigreen are 
created in equal quantities. If the gluon is absorbed by a green quark, the green of the quark and 
the antigreen of the gluon annihilate each other, leaving the second quark with the color red. 

around a colored quark, but it turns out 
that the gluons tend to enhance the color 
charge rather than attenuate it. It is as 
if the red component of a gluon were 
attracted to a red quark and therefore 
added its charge to the total effective 
charge. If there are no more than 1 6  fla­
vors of quark (and at present only six are 
known), the "antiscreening" by gluons is 
the dominant influence. 

This curious behavior of the gluons 
follows from rather involved calcula­
tions, and the interpretation of the re­
sults depends on how the calculation 
was done. When I calculate it, I find that 
the force responsible is the color ana­
logue of the gluon's magnetic field. It 
is also significant, however, that virtual 

VIRTUAL ELECTRON @ 
AND ANTI ELECTRON 

+ 

o REAL ELECTRON 

gluons can be emitted singly, whereas 
virtual quarks always appear as a quark 
and an antiquark. A single gluon, bear­
ing a net color charge, enhances the 
force acting between two other color 
charges. 

As a result of this "antiscreening" the 
effective color charge of a quark grows 
larger at long range than it is close by_ A 
distant quark reacts to the combined 
fields of the central quark and the rein­
forcing gluon charges; at close range, 
once the gluon cloud has been penetrat­
ed, only the smaller bare charge is effec­
tive. The quarks in a hadron therefore 
act somewhat as if they were connected 
by rubber bands:  at very close range, 
where the bands are slack, the quarks 

VIRTUAL GLUON 

VIRTUAL QUARK�AND ANTIQUARK 

. 

POLARIZATION OF THE VACUUM explains to some extent the peculiar force law that 
seems to allow quarks complete freedom of movement within a hadron but forbids the isola­
tion of quarks or gluons. In quantum electrodynamics (left) pairs of virtual electrons and anti­
electrons surround any isolated charge, such as an electron. Because of electrOl;tatic forces the 
positively charged antielectrons tend to remain nearer the negative electron charge and there­
by cancel part of it. The observed electron charge is the difference between the "bare" charge 
and the screening charge of virtual anti electrons. Similarly, pairs of virtual quarks diminish the 
strength of the force between a real quark and a real antiquark. In quantum chromodynamics, 
however, there is a competing effect not found in quantum electrodynamics. Because the glu­
on also has a color charge (whereas the photon has no electric charge), virtual gluons also have 
an influence on the magnitude of the color force between quarks. The gluons do not screen 
the quark charge but enhance it. As a result the color charge is weak and the quarks move free­
ly as long as they are close. At long range infinite energy may be needed to separate two quarks. 
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move almost independentlY, but at a 
greater d istance, where the bands are 
stretched taut, the quarks are tightly 
bound. 

The polarization of virtual gluons 
leads to a reasonably precise account 
of the close-range behavior of quarks. 
Where the binding is weak, the expected 
motion of the particles can be calculat­
ed successfully. The long-range interac­
tions, and most notably the failure of 
quarks and gluons to appear as free par­
ticles, can probably be attributed to the 
same mechanism of gluon antiscreen­
ing. It seems likely that as two color 
charges are pulled apart the force be­
tween them grows stronger indefinitely, 
so that infinite energy would be need­
ed to create a macroscopic separation. 
This phenomenon of permanent q uark 
confinement may be linked to certain 
special mathematical properties of the 
gauge theory. I t  is encouraging that per­
manent confinement has indeed been 
found in some highly simplified models 
of the theory. In the fuli-scale theory 
all methods of calc ulation fail when the 
forces become very large, but the prin­
ciple seems sound. Quarks and gluons 
may therefore be permanently confined 
in hadrons. 

If  the prevailing version of quantum 
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chromodynamics turns out to be cor­
rect, color symmetry is an exact symme­
try and the colors of particles are com­
pletely indistinguishable. The theory is a 
pure gauge theory of the kind first pro­
posed by Yang and M ills. The gauge 
fields are inherently long-range and for­
mally are much like the photon field. 
The quantum-mechanical constraints 
on those fields are so strong, however, 
that the observed interactions are quite 
unlike those of electromagnetism and 
even lead to the imprisonment of an en­
tire class of particles. 

Even where the gauge theories are 
right they are not always useful. 

The calculations that must be done to 
predict the result of an experiment are 
tedious, and except in quantum electro­
dynamics high accuracy can rarely be 
attained .  I t  is mainly for practical or 
technical reasons such as these that the 
problem of quark confinement has not 
been solved.  The equations that describe 
a proton in terms of quarks and gluons 
are about as complicated as the equa­
tions that describe a nucleus of medium 
size in terms of protons and neutrons. 
Neither set of e quations can be solved 
rigorously. 

In spite of these limitations the gauge 
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STANDARD MODEL of elementary-particle interactions describes the four forces of nature 
by m eans of three non-Abelian gauge theories. The fundamental particles of matter are six lep­
tons and six flavors of quark, eacb of tbe flavors being present in three colors. Electromagnet­
ism and the weak force are m ediated by the gauge particles of the Weinberg-Salam-Ward 
mod el, namely the massless photon and a triplet of very massive vector bosons, the W+, w­
and Zoo Tbe strong force is attributed to the eight massless gluons of quantum chromodynam­
ics. Gravitation results from the exchange of a massless spin-two particle, the graviton, whi�h 
is d escribed by another local gauge the.ory: the general tbeory of relativity. In addition there is 
one surviving Higgs particle, which is massive and electrically neutral. In the coming years the 
searcb for the massive vector bosons and the Higgs particle will serve as tests of this synthesis. 
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theories have made an enormous con­
tribution to the understanding of ele­
mentary particles and their interactions. 
What is most significant is not the philo­
sophical appeal of the principle of local 
symmetry, or even the success of the in­
dividual theories. Rather it is the grow­
ing conviction that the class of theories 
now under consideration includes all 
possible theories for any system of parti­
cles whose m utual interactions are not 
too strong. Experiment shows that if 
particles remain closer together than 
about 1 0 - 14 centimeter, their total inter­
action, including the effects of all forces 
whether known or not, is indeed small. 
(The quarks are a special case: although 
the interactions between them are not 
small, those interactions can be attribut­
ed to the effects of virtual particles, and 
the interactions of the virtual particles 
are only moderate . )  Hence it seems rea­
sonable to attempt a systematic fitting 
of the existing gauge theories to experi­
mental data. 

The mathematics of the gauge theo­
ries is rigid, but it does leave some 

freedom for adj ustment. That is, the pre­
d icted magnitude of an interaction be­
tween particles depends not only on 
the structure of the theory but also 
on the values assigned to certain free 
parameters, which must be considered 
constants of nature. The theory re­
mains consistent no matter what choice 
is made for these constants, but the ex­
perimental predictions depend strongly 
on what values are assigned to the con­
stants. Although the constants can be 
measured by doing experiments, they 
can never be derived from the theory. 
Examples of such constants of nature 
are the charge of the electron and the 
masses of elementary particles such as 
the electron and the quarks. 

The strength of the gauge theories is 
that they require comparatively few 
such free parameters: about 1 8  con­
stants of nature must be supplied to 
account for all the known forces. The 
tangled phenomena of the strongly in­
teracting particles, which seemed incom­
prehensible 1 5  years ago, can now be 
unraveled by means of a theory that in­
cludes only a handful of free parame­
ters. Among these all but three are small 
enough to be safely ignored .  

Even if the free parameters have been 
reduced to a manageable number, they 
remain an essential part of the theory .  
No explanation can be offered of why 
they assume the values they do. The fun­
damental questions that remain unan­
swered by the gauge theories center on 
these apparent constants of nature . Why 
do the quarks and the other elementary 
particles have the masses they do? What 
determines the mass of the Higgs parti­
cle? What determines the fundamental 
unit of electric charge or the strength of 
the color force? The answers to such 
questions cannot come from the existing 
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gauge theories but only from a more 
comprehensive theory. 

In the search for a larger theory it is 
natural to apply once more a recipe that 
has already proved successful. Hence 
the obvious program is to search for 
global symmetries and explore the con­
sequences of making them local symme­
tries. This principle is not a necessary 
one, but it is worth trying. J ust as M ax­
well's theory combined electricity and 
magnetism and the Weinberg-Salam­
Ward model linked electromagnetism 
and the weak force, so perhaps some 
larger theory could be found to embrace 
both the Weinberg-Salam-Ward model 
and quantum chromodynamics. Such a 
theory might in principle be constructed 
on the model of the existing gauge theo­
ries. A more sweeping symmetry of na­
ture must be found; making this symme­
try a local one would then give rise to 
the strong force, the weak force and 
electromagnetism. In the bargain yet 
more forces, exceedingly weak and so 
far unobserved, may be introduced. 

Work on such theories is proceeding, 
and it has lately concentrated on sym­
metries that allow transformations be­
tween quarks and leptons, the class of 
particles that includes the electron. It is 
my belief the schemes proposed so far 
are not convincing. The grand symme­
try they presuppose must be broken in 
order to account for the observed dis­
parities among the forces, and that re­
quires several Higgs fields. The resulting 
theory has as many arbitrary constants 
of nature as the less comprehensive the­
ories it replaces. 

A quite different and more ambitious 
approach to unification has recently 
been introduced under the terms "super­
symmetry" and "supergravity."  It gath­
ers into a single category particles with 
various quantities of angular momen­
tum; up to now particles with different 
spins were always assigned to separate 
categories. The utility of the supersym­
metric theories has yet to be demon­
strated, but they hold much promise. 
They offer a highly restrictive descrip­
tion of some hundreds of particles, in­
cluding the graviton, in terms of only a 
few adjustable parameters. So far the 
results do not much resemble the known 
physical world, but that was also true of 
the first Yang-Mills theory in 1 95 4. 

The form of unification that has been 
sought longest and most ardently is a 
reconciliation of the various quantum 
field theories with the general theory of 
relativity. The gravitational field seems 
to lead inevitably to quantized theories 
that cannot be renormalized. At ex­
tremely small scales of distance ( 1 0 - 33 
centimeter) and time ( 1 0  - 44 second) 
quantum fluctuations of space-time it­
self become important, and they call 
into question the very meaning of a 
space-time continuum. Here lie the 
present limits not merely of gauge theo­
ries but of all known physical theories, 
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The September 1980 
issue of 

SCIENTIFIC AMERICAN 
will be 

devoted to the 
single topic of 

Economic Develop-ment 

The issue will explore 
the role that the 

scientific-industrial 
technol ogy will need to 

play in the progress 
toward a new interna­
tional economic order. 
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What if you c hose H P prod ucts to 

For exa m p l e :  A new, low-cost series of H P  1 000 real-time c o m p uters 
whose "distri buted i ntel l igence" architectu re c o m m a nds exceptional  
I/O perform a n c e .  

The H P  1000 L-Series i s  based on 
two new single-chip custom 
processors-the result of HP's 
proprietary CMOS/SOS (silicon 
on sapphire) large scale integra­
tion manufacturing process. 
CMOS/SOS gives the L-Series the 
advantages of fast processing 
speed, small board size, and low 
power consumption . 

One of these SOS processors 
serves as the L-Series CPU; the 
other-an input/output 
processor-is used on every 
L-Series interface board. The 110 
processors relieve the CPU of the 
time-consuming task of control­
ling 110 operations, freeing it for 
its main j ob of computation . CPU, 
110 processors, and memory all 
communicate with each other 
over a common bus. This distri­
buted intelligence architecture 
provides a "multistreamed 110" 
capability that gives the L-Series 
exceptional 110 performance and 
throughput. 

Each 110 processor can monitor 
and control multiple high- or 
low-speed direct data transfers to 
memory without CPU interven­
tion, through a self-configuring or 

1 40 

110 PROCESSORS 

"chained" direct memory access 
mode. This reduces interrupt re­
sponse times, reduces CPU over­
head, and simplifies interface de­
sign. As a result, an HP 1000 
L-Series computer can perform 
IIO-intensive j obs that computers 
costing several times as much 
can't do. 

The L-Series provides a powerful, 

low-cost entry to the HP 1000 fam­
ily . Applications developed on the 
L-Series can easily be expanded 
on larger HP 1000's .  

A full set of  110 interfaces, includ­
ing a Hewlett-Packard Interface 
Bus, is available to solve most ap­
plications; and a set of develop­
ment tools is available to shorten 
OEM development time .  

L-Series configurations :  from board to box to system .  
A board-level computer, the HP 
2103LK consists of a processor board 
containing a CPU, time-base 
generator, and memory protection on 
a single chip, and a 64k-byte memory 
board. Price starts at $2250* . 

A rack-mountable computer, the HP 
2103L is housed in an enclosure only 
51/4 inches (13 .3 cm) high, and con­
tains a processor board, 64k bytes of 
memory, power supply, and eight 110 
slots . Price starts at $4450* . 

A complete system, the HP 1000 
Model 10 consists of an HP 2103L 
computer, a CRT terminal, a flexible 
disc drive, and a 12M-byte 
Winchester-technology disc. A 36- . 
inch-high cabinet houses the system . 
Price is $22,500* . 
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en'ha nce you r  prod uctivity? 

For exa m p l e :  N ow you c a n  create a n d  m a n a g e  technical  data bases 
o n  the HP 9800 System 45 com puter - with H P's award-win n i n g  
I MAG E data base m a n a g e ment. 

HP's System 4 5  computer and maintain a data base tailored 
precisely to your data entry and 
retrieval requirements, even if 
you have little computer 
background. 

has proved its worth as a powerful 
workstation for scientists and en­
gineers . Now, HP's user-tested 
and highly rated data base man­
agement system (previously 
available only on the HP 1000 and QUERY 1 45, a user-oriented in-

HP's family of business comput- quiry program, provides interac-

ers) has been extended to the Sys- tive access to the data base for 

tern 45, making data base man- programmer and nonprogrammer 

that takes you step by step from 
the definition of your data man­
agement requirements through 
the creation of a data base that will 
give you information in the form 
you want it. 

The price of HP's data base man­
agement package for the System 
45 is $5000* . 

. 1 alike. Simply by typing in agement a prachca , easy-to- For more information, mail the . 1 t t l f 1 1 h ' al English-like commands and re-Imp emen 00 or oca tec ruc coupon to Hewlett-Packard, 1505 1 · t' sponding to user prompts, you app lca lOns . Page Mill Road, Palo Alto, CA can read, enter, delete, or modify 
The heart of System 45's data base your data-without writing any 94304. Or call the HP regional of-
management is IMAGE 1 45, a set application programs . fice nearest you: East (201) 265-
of highly efficient, enhanced 5000, West (213) 970-7500, Mid-
BASIC system routines and The package also contains a Data west (312) 255-9800, South (404) 
statements. With it, you can create Base Design Kit in workbook form 955-1500, Canada (416) 678-9430. 
These a re o n ly two of m a n y  t h o u s a n d  product reasons for c h o o s i n g  H P. 

FliOW H EW LE T T  
a:� PAC KA R D  

Mail to: Hewlett-Packard, 1505 Page Mill Road, Palo Alto, CA 94304 
Please send me fu rther infonnation on 

) HP 1000 L-Series computers 
( ) IMAGE/45 data base management 

Name _____________ _ 
Company ____________ _ 
Address _____________ _ 
City ______ State __ Zip ___ _ 

* Domestic U.S .  prices only. 00043 
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