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Finding your favorite station isn't always as easy as
tuning to 123.

For example, now that digital station readouts are
standard on most receivers you have to memorize the
precise call numbers of all your favorite stations. Not
an easy job if you have a dozen or so stations you
tune in regularly.

That, however, is just one of the many unpleasant-
ries you have to deal with if you own one of today’s
conventional receivers. On the other hand, it’s just
one of the many reasons you should own Pioneer’s
new SX-7 receiver.

The SX-7 is a product of Pioneer’s unique new con-
cept in component design and engineering called
High Fidelity for Humans.The result is a line of com-

SPEAKERS

(.

ponents that are as pleasant to live with as they are
to listen to.

For instance, our receiver will commit to memory
all your favorite stations. You can preset up to eight
AM and eight FM stations. The moment you want to
hear one you can recall it instantly.

Should you want to sample a variety of stations
without any manual effort, simply press Station Scan.
You'll hear five seconds of every strong station on the
entire tuning band. If you discover a station you like
you simply stop scanning.

Needless to say, not all stations have strong signal
strengths. In the past you've had to struggle to tune
in those stations with weak signals. The struggle’s
over. Due to the SX-7s ID Mosfet transistors you can
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tune in weak stations as quickly and clearly as you
can strong stations.

Drift, of course, is another way in which distortion
has been allowed to sneak in and prevail where there
once was music. The only remedy has been to simply
get up and readjust your station. But with the SX-7
you wont have to bother. Because our Quartz PLL
Synthesized tuning is designed to make drift totally
impossible.

While these technological achievements make our
components easy to live with, others just plain make
your music sound better.

Our patented Non-Switching Push-Pull circuitry
is a prime example. It eliminates the distortion cre-
ated by output transistors as they click on and off,

thousands of times a second, in response to music
signals. The SX-7s Non-Switching circuits keep our
transistors from ever completely switching off, so they
don't have to click back on.

If it seems as though the SX-7 has many features
you just dont find on other receivers, it’s because it
does. Which is why we invite you to visit your nearest
Pioneer dealer. He'll show you the SX-7, and an entire
line of new Pioneer receivers.

They're all designed to let you spend more time
enjoying music

adiesime (1) DIONIEER

to find it. We bring it back alive.
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Taste the VO Spritzer.

Taste the crisp, clean taste of the V.O. Spritzer.

Allit takes is ice, 12 0z. of V.O., and Schweppes
Club Soda. You'll discover what might be the most
refreshing drink you've ever tasted.

And remember, use good judgment whenever you
drink. You'll always enjoy it more.

BY APPOINTMENT TO
His EXCELLENCY
THELATE EARLOF ATHLONE

A BILENID
OF CANADA’'S FINEST WHISKIES

k i
OISTILLED, AGED. BLENDED AND BOTTLED U?aiir
™HE SUPERVISION OF THE CANADIAN GOVERME
IMPORTED BY SEAGRAM DISTILLERS COMPANY.NY

THIS WHISKY IS SIX YEARS OLD

Y
BLENDED AND BOTTLED IN CANADAEY
JOSEPH £. SEAGRAM & SONS. LIMITE?
WATERLOO - ONTARIO * C ANADA - DISTILLER
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A car that“weighs”its own passengers and luggage...

then tells the brakes how much power is needed.
Such a car is the Peugeot 505STI.

he car hurtles towards the
obstacle. It is a double row of
pylons forming a lane 120 feet
long and only 12 feet wide that
hooks severely to the right.
The driver must bring the car
to a halt from an indicated 55
miles an hour within this narrow,
curving lane... while turning.
There is the hideous sound of
tortured rubber. Acrid tire smoke
billows in the air. It is frightening
to see and hear.
When it is all over, almost two
tons of car and passengers have
pulled to a stop with several feet

to spare. %

Brakes that “read”
The car is the Peugeot 505 STI.

It is fitted with an ingenious
device that “reads” the weight of
the passengers and luggage, then
instantly calculates the division of
braking power that is needed
between the front and rear brakes.

The reason: if a car is lightly
loaded, it has a tendency to lock

Test driver demonstrates emergency-braking
Driver maintains control, even though car is

full braking power is sent to all
four wheels.

The sensation in a panic stop
has been likened to running into

a giant pillow. %

ower of Peugeot 505 STI.

aking and turning at the same time.

final word about stopping the car.
You will never find mere letter-
of-the-law tires on a Peugeot.
Michelin TRX® '
low- profile radial

tires, mounted on

its rear brakes as the weight shifts '
~ ¢ P Tires that cling like limpets 32;?1 ‘%‘s;ls;ﬂ: sftﬁ? :
) Powerful brakes are of little use if footprint for sure- EEE
{ vaos the carmaker scrimps on tires; it footed handling L 2 T
(= i W= is the tires, after all, that have the Every tire is a Michelin steel-

Peugeot equips every 505 with disc brakes
on all four wheels. They shed water and
dissipate heat faster than drum brakes.

forward. The result could be a
dangerous skid. When the device
senses such a light-load condition,
it will automatically shut down
some of the power to the rear
brakes to help keep them from
locking. But if a car is heauily
loaded, as is the case in this test,

The Peugeot Lion

The lion has repre-

sented Peugeot since

1858. It was Peugeot

that built the first car

ever sold commer-

cially (1891)...the
world'’s first diesel-powered car
(1922)...and the first high-rpm
diesel engine (1967).

belted radial. Special to the 505
STI is the Michelin TRX® tire,
mounted on low-profile alloy
wheels. The flat, wide footprint of
this tire applies a limpet-like grip
to the road.

Coupled with stabilizer bars
that are thicker than on other 505
models, the tire edges the already-
surefooted handling of a Peugeot
up another notch in the new STL
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A most-complete car

So lavishly equipped is the
Peugeot 505 STI that there is
only one option, a 3-speed auto-
matic transmission ($370) in
place of the 5-speed overdrive
manual gearbox.

Here is a partial list of the

equipment that is standard on
this $14,990 car:

* Air conditioning, factory-installed
* Power-assisted steering

* Power-assisted 4-wheel disc brakes
* Cruise control

* Electric sunroof

« Electric windows

* Central locking system—a twist of
the key locks all four doors and fuel-
filler door

* Digital AM/FM 40-watt stereo
radio with cassette player, scan
tuning, and four speakers
 Automatic electric antenna

« Leather upholstery

* Multi-adjustable driver’s seat

* Tachometer

* Limited-slip differential

Unbhysterical seats

Click open the door of the Peugeot
505 STI and your nose will imme-
diately tell you what the seats are
made of; the car’s interior is redo-
lent of leather. What none of your
senses will detect, however, is what

Peugeot has banished springs
from its seats. Springs have a
natural tendency to flutter and
bounce hysterically when a car
meets with rough roads. In their
place, Peugeot has used polym-
erized foam.

It is more costly to make all

ner—yes, this is a true

lies beneath that soft, tanned hide...

5 seats of the Peugeot in this man-_

5-seater—but the expenditure has
led to seats that have been described
as almost sinfully comfortable.

The strokes of a master painter

Pass your hand over the paintwork
of the Peugeot 505 STI and you
will make a further discovery about
the car.

No bored, “just-doing-my-job”
worker has created this smooth
finish. Instead, the critical part has
been done by a computerized
robot, taught to imitate the strokes
of a master painter.

The ST is the only model of
the Peugeot 505 available in a
metallic claret or classic black.
The black is a wet-on-wet process.
First comes the enamel itself. Then,
while the black is still glistening
wet, it is overlaid with a clear coat
of lacquer, sprayed to a thickness
of 30 microns. %

A final search for faults

Once built, every single car is taken
to a special track and road-tested
by one of Peugeot’s 65-member
team of expert drivers. Only when
it has met Peugeot’s standards is
the car permitted to leave Europe
for the U.S.

Does this mean that nothing
will ever fail on a Peugeot? That
would be wishful thinking. The
perfect, indestructible car does not
exist, no matter what its price. But
one can usually count on a car to
reveal its little glitches and foibles

From the second-largest carmaker in Europe comes the new Peugeot 505 STI.

during the first year of driving.

You will be reassured to know
that Peugeot does not care how
many thousands of miles you put
on your car during the first year
you own it. The Peugeot new-
vehicle limited warranty is for 12
months. .. with unlimited mileage.*

Peugeot has little tolerance for
poorly made cars.

*See your dealer for details of
Peugeot’s limited warranties.

Based on PO.E. manufacturer’s suggested
retail prices. Actual prices may vary according
to local dealer. Destination charges ($255),
state and local taxes, dealer preparation,

if any, and license fees are extra.

For name of nearest Peugeot dealer, call
1-800-447-2882 toll free in the conti-
nental U.S. In Illinois, 1-800-322-4400.

Please send me the Peugeot Facts Kit,
complete with brochures, road tests by
leading car magazines, plus list of my
nearest dealers.

Please include details
on Overseas Delivery.

Name

Address

City.

State Zip

Peugeot Motors of America, Inc.,
One Peugeot Plaza, Lyndhurst,
New Jersey 07071

— — —— — — — —— —— — — —— —

62-0005A-0400

e e e ———— |

Propelled by a fuel-injected gasoline engine that shrugs off tune-ups for 30,000 miles.
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SAVE BIG on

CALCULATORS
EXAS INSTRUMENTS

ﬁa HEWLETT

PACKARD CAI.CULA‘I'ORS

HP-41C0V........
Optical Wand.............
Card Reader ............

Quad RAM. [for HPA1C] au s
Mem. Module (for HP41C).. .

NEW FROM HEWLETT-PACKARD
Mfr. Sugg. Elok-Tok
HP - IL Loop Module 125 95
Digital Cassette Drive 550 425
Printer/Plotter(HP-IL) 495 375
Ext. Memory Module 75 60
Ext. Function Module 75 60
(Please expect delivery delay on new products)
Mfr. Sugg.  Elek-Tek

HP - 141C Sclentific 135 100

HP - 12C Financlal 150 115

HP-11C/12C Sol. Bks. 20 17

orpay 1/2PRICE($8.50) for book when purchased
with calculator. Umited time offer.

HP-97....ccoiiiiiiiiiniininnaa.. $560
HP-38C........ccevveineennnnnes. . 145
HP-37E......cciiiinnnnncnnnnnaess . 68
HP-34C ......ccciiviinnnnnnnnnnnns 112
HP-33C ........ ceseese.. 84
HP-33E........ccovveinnnnnannnesess 50

HEWLETT COMPUTER
"ﬂ PACKARD _ PRODUCTS

The HP-B85 Personal Computing System for
Professionals helps solve difficult engineering
problems and simplifies financialanalysis. The
HP-B5 isa powerful BASIC language computer
with keyboard, CRT display, printer and tape
drive complete in one compact unit. ([HP-83 is
the same as above but without the built-in
printer and tape drive.)

Mfr. Sugg. Elek-Tek

HP-85 COMPUTER  $2750 $zooo
HP-125 COMPUTER 2750

82901 M DUAL MASTER 2200 16@
9134A WINCHESTER 4500 3300
9135AWINCHESTERWBU. 5500 4000
DAISY WHEEL PRINTER 3950 2850
26318 PRINTER 3900 2850
2671A PRINTER 1095 800
2671G PRINTER 1295 935
2673A PRINTER 1895 1375
829058 PRINTER 945 CALL

GRAPHICS TABLET 2050 1475

and all related eccessories and software
at SIZEABLE DISCOUNTS

| CALL TOLL FREE 800-621-1269
EXCEPT lllinois, Alaska, chou

e tad ton, P
Memrmrgnur Visa bymunrphonl Ma-l Cuhu‘lt:huk

FIRST QUALITY AND COMPLITE
ELEK-TEK Inc
6557 M. Lincoln Ave,, Chic

(800) 621-1249 (312 011 76460

THE COVER

The painting on the cover shows part of an offshore oil platform in the North
Sea (see “Advanced Offshore Oil Platforms,” by Fred S. Ellers, page 38). The
platform, named Statfjord B, is the heaviest object ever moved by man. With a
weight exceeding 1.2 million tons, it rests in water 472 feet deep 100 miles off
the coast of Norway. Later this year the first of 32 wells will be drilled from
the structure to tap a reservoir expected to yield 150,000 barrels of oil per day.
It is estimated that the finished platform will have cost its owners (principal-
ly Statoil, the Norwegian national oil company) $1.8 billion. Statfjord B is a
“gravity base” platform: its four mighty concrete columns, three of which ap-
pear in the painting, rest on a honeycomb concrete structure on the bottom.
The entire structure was built in sheltered water and towed to its present site.

Source
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~timé. ‘And.a marvelous mind

HAVE FALLEN FOR US.

YES! SEND ME

GAMES

MAGAZINE!

1year only $14.97
(12 challenging issues)

After all, once you've solved the puzzles of the universe,
it's time for some real challenges—the kinds you'll find
only in GAMES Magazine!

GAMES aims to sharpen your wits, challenge your
powers of perception, and enhance your critical thinking
skills with cleverly cryptic crosswords, ingenious brain-
teasers and logic problems. Plus, you'll

find tantalizing trivia quizzes, ///g
even provocative contests /—’E”

(offering valuable prizes such

as home computers and
electronic games!).

Every issue challenges your

mind while you have a great

Name

like yours deserves GAMES

Magazine—Subscribe today! Address

City
Zip JSAA2
O Payment enclosed. O Bill me later.

Mail to: GAMES Magazine
P.O. Box 10147, Des Moines, lowa 50340

GUARANTEE: If you're ever dissatisfied with GAMES, we'll
send you a refund on all unmailed copies.

Allow 4-8 weeks for delivery of first issue. For foreign
and Canadian orders, add $2.00 per year.

C 1980 Playhoy
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LETTERS

The first complete sentence in the
“Books” column for the year 1982 [Sci-
ENTIFIC AMERICAN, January] is in er-
ror. I hope this is not an omen.

The date at which the earth we ride
reached its minimum distance from the
sun in 1982—measuring from earth cen-
ter to sun center—was not January 2, as
printed, but in fact January 4, around
dawn (Eastern Standard Time).

The source of the error may be in-
structive. The false estimate was made
late last summer, before the authorita-
tive result was in hand. The estimate was
got by a seductively simple but naive
method: the mean time it takes to go
from perihelion to perihelion was sim-
ply added to the correct time of periheli-
on for 1981, which was late on January
1. How could that go wrong by two
whole days?

The perihelion is a minor feature of
the orbit of the earth, in the sense that
the earth’s orbit is so nearly circular.
The entire variation from the short-
est earth-sun distance to the longest
amounts to only about three million
miles out of nearly 100 million; even
Giotto could hardly draw so true a cir-
cle freehand. As perihelion day arrives
the orbit radius is slowly decreasing; af-
ter the instant of zero change the radius
grows again. But the speed of change in
orbit radius around perihelion is always
very small compared with the tangential
part of the earth’s motion, so nearly per-
pendicular to the radius is the earth’s
way during those days. That radial
speed component one day from perihe-
lion time itself is only 20 miles per hour,
whereas the speed overall amounts to
more than 60,000 miles per hour. Any
comparably small radial motion of the
earth present in addition to its simple
Keplerian solar orbital motion is able
to shift the sensitive zero in the radial
speed component and hence to shift the
time of perihelion.

The earth has a companion, the moon.
It is not the center of the earth that flies
in an ellipse around the sun, neglecting
the small pulls of the other planets. It is
rather the center of mass of the entire
earth-moon system that the sun directs.
With respect to that earthy if immaterial
point both the moon and the earth are to
a good approximation in steady circu-
lar motion. Of course, the light moon
moves more swiftly, and the heavy earth
executes its countermotion reduced by
the mass ratio, about one to 80. Even
so, that carries the center of the earth
around a circle some 6,000 miles across
each month. The speed in this circle is
nearly 30 miles per hour, clearly enough

to shift the perihelion time by a day and
more. At full moon and at new moon
there is no effect; the earth’s motion in
lunar orbit is tangential to the solar or-
bit. But in between the earth’s moon-
respondent motion does shift the time
of perihelion, delaying it on waxing
moons, advancing it on waning ones.
Moon motion is the source of the larger
part of the year-to-year apparent irregu-
larity in the time of perihelion that the
carefully made calculations report. The
effects of other planets, particularly Ju-
piter and Venus, are not a great deal
smaller.

It is always a surprise to learn anew
how rich becomes the texture of even
the simplest concepts once they engage
not the world on paper but the real
one. That this little issue may be cumu-
latively important to the glaciation of
the earth over the longer run is also to
be recalled with wonder.

It is a pleasure to thank Owen Ginge-
rich and Brian G. Marsden of the Center
for Astrophysics of the Harvard College
Observatory and the Smithsonian As-
trophysical Observatory, and LeRoy E.
Doggett of the Nautical Almanac Office
of the U.S. Naval Observatory, for their
help, friendly experts all.

PHILIP MORRISON

Book Editor, Scientific American
Massachusetts Institute of Technology
Cambridge, Mass.

Sirs:

I read with interest, if not some con-
fusion, “The Anthropic Principle,” by
George Gale [SCIENTIFIC AMERICAN,
December, 1981].

It appears that Dr. Gale has finally put
Descartes before the horse: “I am, there-
fore...” (I think).

THoMAS HUBER, M.D.

Peoria, Ill.

Sirs:

Your readers might find interest in the
following observation:

“The Lining of the Small Intestine,”
by Florence Moog [SCIENTIFIC AMERI-
caN, November, 1981], presents facts
that well exemplify a point that was
emphasized by Benoit B. Mandelbrot in
his book Fractals: Form, Chance, and Di-
mension (W. H. Freeman and Company,
1977) and was also mentioned by Mar-
tin Gardner in your department “Math-
ematical Games” for December, 1976,
and April, 1978. The point is that the
result of measuring a length, an area, a
volume and so on may depend on the
scale of measurement. For example, the

© 1982 SCIENTIFIC AMERICAN, INC

length of a country’s coastline depends
on whether the surveyor uses a “measur-
ing stick” of 10 kilometers, 100 meters,
one meter, one centimeter, .1 millimeter
and so on. The shorter the measuring
stick is, the more detail is detected and
the larger is the result obtained for the
length of the coastline.

In the case of the adult human small
intestine we have, to the roughest ap-
proximation, a tube with a length of
about six meters and an internal diame-
ter of about two centimeters, and hence
a surface area of about a third of a
square meter. On the scale of measure-
ment of a few millimeters the “circular
folds” are detected and the measured
surface area increases as much as three-
fold, to about a square meter. On the
scale of a tenth of a millimeter the villi
enter the picture, and the measured area
becomes about 15 square meters, a fif-
teenfold increase. On a scale 1,000 times
smaller, a tenth of a micrometer, the
microvilli (the villi’s villi) are resolved,
and the measured area increases some
twentyfold to about 300 square meters,
1,000 times larger than the tube approx-
imation.

JOE ROSEN
Department of Physics and Astronomy

Tel-Aviv University
Tel-Aviv, Israel

l Editorial correspondence should be addressed to The
Editors, SCIENTIFIC AMERICAN, 415 Madison Avenue,

| New York, N.Y. 10017. Manuscripts are submitted at
the author’s risk and will not be returned unless accom-
panied by postage.

Advertising correspondence should be addressed to C.
John Kirby, Advertising Director, SCIENTIFIC AMERI-
CAN, 415 Madison Avenue, New York, N.Y. 10017.

dressed to W. H. Freeman and Company, 660 Market
Street, San Francisco, Calif. 94104. For each offprint
ordered please enclose 75 cents.

|
‘ Offprint correspondence and orders should be ad-

Subscription correspondence should be addressed to
Subscription Manager, SCIENTIFIC AMERICAN, P.O. Box
5969, New York, N.Y. 10017. For change of address,
notify us at least four weeks in advance. Send both old
and new addresses and enclose an address imprint from
a recent issue. (Date of last issue on your subscription is
shown at upper right-hand corner of each month’s mail-
ing label.)

i Name

New Address

Old Address




It anyone offers more buttondown:s,
in awider variety, better quality, or at better
prices, we don't know of it.

It’s possible, of course. It's a big country.
But Lands’ End has become a major
source of buttondown shirts in almost
every conceivable fabric and color.

The real thing: $17.

This is the shirt that started it all. The
cool, comfortable 100% cotton Oxford
cloth shirt, with the neat, soft button-
down collar you wore and remembered
from the Big Band days. We were among
the first to bring it back, originally at
$14. Even now we sell it at just $17, or

2 for $33. Same generous cut, precise
tailoring and all. It does need ironing,
but that’s a small concession to comfort.

The no-iron blend: $17.

We also offer our Oxford shirt in a care-
free cotton blend. Almost as soft
and absorbent as our pure cottons, and it
needs no ironing. At the same agreeable
price: $17, or 2 for $33.

And there’s much more to our

Oxford Collection. Our new Hyde Park

Oxford, tailored with special detail from
imported 100% cotton. A classic striped
Oxford. And our Pinpoint Oxford, for
those of you who want to experience
Oxford cloth at its finest. For men and
women at a very competitive $32.50.

“Popovers” too!

At Lands’ End, you'll also find “popover”

buttondowns. Comfortable pullovers
with dress construction, in a host of
styles and colors. If you like gingham, as
we do, you'll love our gingham button-
downs for men and women, available
with long or short sleeves. And we must
mention the Madras buttondowns as-
sembled by our buyers on a trip to India.
All 100% cotton, in stripes and Tartans
as well as the traditional plaids.

And more than shirts.

What we have to offer goes beyond
shirts, even beyond our famous soft
luggage, sportswear and accessories.
The Lands’ End tradition affects every-
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thing we offer you.

First, quality. Then, price.
And always, always service.

That’s why we offer a guarantee
that would put lesser merchants out of
business. Simply: “If you are not com-
pletely satisfied with any item you buy
from us, at any time during your use of
it, return it and we will refund your full
purchase price”.

If we're new to you, we don’t ask
that you trust us. Simply try us. By
phone, you can reach us toll-free 24
hours a day at 800-356-4444 (Except
Wisconsin call 608-935-2788). Or fill
in the coupon. But let us send you a free
copy of our spring Lands’ End catalog.

r————————————————ﬁ

Please send free
76-page catalog.
Lands’ End Dept. Q-01
Dodgeville, W1 53533

Name

City

State Zip

Or call Toll-free:

800-356-4444
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50 AND 100

YEARS AGO

SCIENTIFIC
AMERICAN

APRIL, 1932: “Over the past year or
two there has been much comment in
the press and from the pulpit concerning
the new rapprochement of religion and
science. What started it all? The German
physicist Heisenberg discovered that it
was impossible to determine both the
position and the speed of a given elec-
tron. This has become the ‘principle of
indeterminacy,” and it has been con-
strued to mean that, as Sir James Jeans
puts it, ‘nature abhors accuracy and pre-
cision above all things.” Not only Jeans
but also A. H. Compton and Millikan
and Eddington and others of great fame
have given encouragement to this idea,
and the clergy have not been slow to
seize hold of their encouragement. It
would mean the end of the old cause-
and-effect principle, so beloved of the
hated materialists. But many physicists
seriously question the interpretation be-
ing given Heisenberg’s principle of in-
determinacy, and hence the inferences
concerning religion and free will to be
made from that interpretation. All the
principle of indeterminacy means is that
man has no way of determining both
the position and the speed of a given
electron, not that there is no determi-
nacy in either.”

“Radio waves represent the first tool
with which it may be possible to carry
a signal across the great reaches of as-
tronomical space. If among the bil-
lions of stars there are some that have
a family of satellites such as our own
sun has, it is reasonable to expect that
some of these satellites would be in a
zone of temperatures where life could
exist. If life does exist somewhere else,
then someday someone is likely to en-
counter, by means of radio, an extra-
terrestrial intelligence. What a sublime-
ly dramatic moment it will be for those
concerned when this first interstellar
contact is made!”

“All previous attempts to obtain ex-
tremely high velocities of rotation have
been surpassed by J. W. Beams and A. J.
Weed of the University of Virginia, who
have driven a rotating cone of steel as
high as 500,000 revolutions per minute.
The rotor resembles a top. Tiny air jets
impinge on it and slightly raise it. It finds
a position of stable equilibrium very
near the stator and continues to rotate
at high velocity entirely on ‘bearings’
of air. The scientist-inventors have per-
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fected a way of introducing and remov-
ing liquids without stopping the centri-
fuge, the rotor being hollow and having
small communicating openings near the
top center.”

“The isolation in pure form of the
anti-neuritic vitamin B is the result of a
new line of research developed by Pro-
fessor Adolf Windaus of the University
of Gottingen. Vitamin B is now thought
to be a complex substance made up
of several vitamins. The one investi-
gated by Professor Windaus, called B,
by some investigators, is the one that
protects pigeons and other non-human
animals against the disease known as
polyneuritis and protects man against
beri-beri. Another part of the vitamin B
complex is the factor thought to protect
man against the disease pellagra.”

“It would appear that we have be-
come a nation of cowards. Our pessi-
mism seems to have beclouded our vi-
sion and dulled our reason. Businesses
become more fearful for their continued
existence, retrench, cut salaries, lay off
employees. Seeing these things, those
fortunate ones with work retrench, cut
expenditures, wear worn-out clothes,
drive rattly old cars, do without necessi-
ties. Demand is lowered and production
decreases further. Companies retrench
further, lay off more employees. Thus
are forged the links of a chain of fear
that is binding us down.”

APRIL, 1882: “Charles Robert Dar-
win, whose influence upon the current of
modern thought has been surpassed by
that of no other scientific investigator,
died at his residence near Orpington,
England, on Wednesday, April 19. Mr.
Darwin was born at Shrewsbury, En-
gland, on February 12, 1809. His early
education was received at the public
school in Shrewsbury, whence he passed
to the University of Edinburgh, where
he spent two years. He then went to
Christ’s College, Cambridge, where he
was graduated in 183 1. His bent for nat-
ural research was not diverted by his
schooling; soon after his graduation he
read a paper on marine zoology, giving
such promise of scientific ability that he
was offered the position of naturalist on
the now historic H.M.S. Beagle, soon to
start on a cruise of scientific exploration
round the world. Returning from this
voyage in 1836 Darwin made ready for
publication his Journal of Researches,
and in 1840-42 he edited Zoology of the
Voyage of the Beagle. Soon afterward he
published his classic works on the struc-
ture and distribution of coral reefs.
These works were rapidly followed by
Geological Observations on Volcanic Is-
lands in 1844 and Geological Observa-
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tions in South America in 1846. In 1853
the Royal Society of London awarded
him the Royal Medal, and in 1859 he
received the Wollaston Medal of the
Geological Society. His epoch-marking
Origin of Species by Natural Selection ap-
peared the same year. The controversies
provoked by this work probably did
more to attract popular thought to ques-
tions of natural science, and to change
the popular as well as the scientific
mode of regarding such topics, than any
other influence of the century.”

“During the month of March Dr.
Henry Draper succeeded in photo-
graphing four times the spectrum of the
nebula in Orion. Dr. Draper has also
taken photographs of the nebula itself
so as to watch for changes in it and ob-
serve whether the process of aggrega-
tion into stars can be detected. Collated
with the photographs of the spectrum,
they show clearly, it is said, evidences of
such condensations.”

“The eyes of capitalists looking for
great fields for large investments are
turned toward the South. A stranger
from any one of the old countries on
the other side of the sea, in traveling
through the South, is astonished to see
the woods and wilds that meet his gaze,
even in districts of the country that were
among the earliest settlements in the
colonies. This long delay in Southern de-
velopment is attributable to the fact that
we have a vast territory with a sparse
population, and to the fact that we have
always been an agricultural and not a
manufacturing people. But manufactur-
ing facilities, especially in this age, af-
ford means for making money and for
circulating it among people of all class-
es and conditions. Manufacturing helps
agriculture in immeasurable degree. It
attracts population and puts money into
the hands of people to buy the products
of the farmer.”

“The tunnel under the English Chan-
nel has finally been begun and is rapidly
progressing. The work of tunneling is
being executed by means of a Beaumont
perforator, which carries two arms hav-
ing a rotary motion, each of which is
provided with seven short steel blades.
The frame to which these parts are af-
fixed makes a forward motion of about
half an inch at every complete revolu-
tion of the steel cutters. In this way a thin
slice of the whole surface in front is re-
moved at every revolution of the perfo-
rator, and there is thus obtained a cylin-
drical opening of about seven and a half
feet in diameter. The excavating appara-
tus is making a forward progress at pres-
ent of about 310 feet per week. If the
work on the French side is pushed with
the same rapidity as that on the English,
it is estimated that the hole may be com-
pleted in the space of three and a half
years.”



THE TASTE BEYOND
12-YEAR-OLD SCOTCH

Discover more.

Let your mature taste lead vou from
the finest premium Scotch on up to the
most expensive 12-year-old Scorch in the
world. The Glenliver. The ultimate in
Scotch.

Most premium Scotch is blended
and depends on several whiskies for taste
and smoothness.

Yet the unblended character of
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alone. In this distinctive Scotch whisky
you'll experience an exceptional smooth-
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ere looking
for frouble.

Technology should solve your business problems without
creating more of them. And Bell has the systems to prove it.
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For example, the First Wisconsin National Bank has 1800
data terminals scattered over three states, updating accounts and
exchanging information with the bank’s computers in Milwaukee.
If a terminal suddenly runs wild, part of the network is jammed.

Our trouble-shooting Dataphone® Il communications
system solves the problem. It not only transmits data over
telephone lines, but monitors the flow of data as well, locating and
isolating trouble instantly—even zeroing in on the very component
involved. For First Wisconsin, that's money in the bank.

If your business has an information management problem,
chances are communications products from Bell—like the
Dataphone Il system—can solve it in trouble-free fashion. One call
to your Bell System Account Executive will start putting our
knowledge to work for you.

The knowledge business

®
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Available Engine: 2.8L., 2:bbl., V6. high output
Bore: 84 mm; stroke: 76 mm
Dvnamics: Horsepower 130,@ 5400 RPM
Torque 145 @ 2,400 RPM
High-output cam
Transmussion: 4-speed manual
Suspension: MacPherson strut, front;
trailing arm with track bar. rear
firm ride and handling package
Wheels: Special sport wheels;
steel-belted. blackwall,
radial tires
Instrumentation: Rallve cluster: tachometer,
'.u[r leter, temperature gage,
T:|'|.|('.|..,{Ig

Interior. Individual custom sport bench
or avatlable bu |-u_ seAls 1n
luxury Brougham trim; custom
SpOI steering whee!

Exterior: "Soft” sloping front end:
wraparound bumpers with
integral air scoop: wide body side
moldings; black-matte styling
accents: available in silver,
dark blue. dark redwood and

- e :_h_‘ Chﬂl’(‘i ial
Models: Coupe and sedan

For those who believe
getting there should be more
than half the fun.

Even today, theress still room to do it with style.
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We've had one built for vou.
Some Oldsmobiles are equipped with engines produced by other GM divisions. subsidiaries or affiliated companies worldwide. LM ‘
See yvour dealer for details. )
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THE AUTHORS

FRED S. ELLERS (“Advanced Off-
shore Oil Platforms”) is manager of spe-
cial projects for the Pipeline Division of
Bechtel Incorporated. He received his
bachelor’s degree in 1940 at Oklahoma
State University. After graduation he
joined the staff of the Tidewater Associ-
ated Oil Company, for which he inspect-
ed refineries. From 1942 to 1946 he
served in the Army Corps of Engi-
neers in the Pacific. He first joined Bech-
tel in 1946 and stayed until 1948. Dur-
ing most of that period he worked on
the development of oil fields in Saudi
Arabia. In 1948 he went to work for
the Arabian American Oil Company
(ARAMCO), leaving in 1961 to rejoin
Bechtel. Most of his professional work
has centered on the engineering aspects
of extracting and transporting petro-
leum. Ellers worked on developing the
first large oil fields in Abu Dhabi in the
early 1960’s and more recently the Ar-
gyll field in the United Kingdom sector
of the North Sea.

RICHARD J. WURTMAN (“Nutri-
ents That Modify Brain Function”) is
professor of neuroendocrine regulation
at the Massachusetts Institute of Tech-
nology. His bachelor’s degree was grant-
ed by the University of Pennsylvania in
1956 and his M.D. by the Harvard Med-
ical School in 1960. He was a medical
research officer at the National Institute
of Mental Health from 1965 to 1967. In
the latter year he moved to M.LT. In
addition to the subject of the current ar-
ticle Wurtman’s research interests in-
clude the catecholamines, acetylcholine,
glutamate and the hormones that cause
menarche and ovulation.

ARCH C. JOHNSTON (“A Major
Earthquake Zone on the Mississippi”) is
assistant professor of geology at Mem-
phis State University and director of
its Tennessee Earthquake Information
Center. He got his B.S. at Southwestern
at Memphis college in 1967. From 1968
to 1973 he was in the Air Force; he spent
much of that time piloting the C130E
transport. In 1979 he received a Ph.D. in
geophysics from the University of Colo-
rado at Boulder. His main research is
on the causes of earthquakes. Johnston
writes that his interest in geology was
awakened in long flights over the Andes
while he was in the Air Force.

LEO BLITZ (“Giant Molecular-
Cloud Complexes in the Galaxy”) is
assistant professor of astronomy at
the University of Maryland at College
Park. He obtained his B.S. in 1967 at
Cornell University and his M. A. (1975)
and Ph.D. (1979) in astronomy from
Columbia University. His dissertation
topic was the giant molecular-cloud

complexes that form the subject of his
current article. From 1978 to 1981 he
was a postdoctoral fellow at the Radio
Astronomy Laboratory of the Universi-
ty of California at Berkeley. Last year he
moved to the University of Maryland.
Blitz writes that he has “been using the
giant molecular clouds as probes of the
outer portions of the Milky Way. This
work has demonstrated that the Milky
Way is far more massive than has been
thought and that much of the mass is
likely to be in an as yet unknown form.”

CLYDE F. E. ROPER and KEN-
NETH J. BOSS (“The Giant Squid”) are
zoologists whose specialty is the anato-
my and classification of marine animals.
Roper is chairman of the department
of invertebrate zoology at the Nation-
al Museum of Natural History at the
Smithsonian Institution. He was gradu-
ated from Transylvania University in
1959 with a B. A. and went on to get his
master’s and doctoral degrees from the
University of Miami. In 1966 he joined
the staff of the National Museum, be-
coming curator in 1972 and chairman of
the department of invertebrate zoology
in 1980. Boss is professor of biology at
Harvard University and curator in mal-
acology (the study of mollusks) at the
Museum of Comparative Zoology at
Harvard College. He received his B.A.
in 1957 at Central Michigan College, his
M.Sc. in 1959 at Michigan State Univer-
sity and his Ph.D. in 1963 from Har-
vard. After completing his doctoral de-
gree he worked in a laboratory of the
Bureau of Commercial Fisheries at the
Smithsonian. He went to Harvard in
1966 as assistant curator in the Museum
of Comparative Zoology; he was ap-
pointed professor of biology in 1970.
Boss writes: “I am suffering from what I
believe [Lawrence] Durrell called islo-
mania, an uncommon passion for the
escape and isolation offered by islands;
to that end I have a book-filled old
fisherman’s house...on an island in
the Gulf of Maine.... It was there that
Clyde and I became enthusiastic about
the prospect of writing an article on Ar-
chiteuthis [the giant squid].”

RICHARD A. CARRIGAN, JR,, and
W. PETER TROWER (“Superheavy
Magnetic Monopoles”) are experimen-
tal physicists who are making a joint
search for experimental evidence of the
existence of monopoles. Carrigan’s B.S.
(1953), M..S. (1956) and Ph.D. in physics
(1962) are all from the University of Illi-
nois at Urbana-Champaign. He served
as a research physicist at the Carne-
gie Institute of Technology from 1961
to 1964 and as assistant professor there
from 1964 to 1968. In 1968 he moved to
the Fermi National Accelerator Labo-
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ratory (Fermilab), becoming assistant
head of the research division in 1977. In
1967 and 1968 he was a senior Fulbright
fellow at the Deutsches Elektronen-Syn-
chrotron (DESY) in Hamburg. Trower
is associate professor of physics at the
Virginia Polytechnic Institute and State
University. His degrees are also from
the University of Illinois: B.S. (1957),
M.S. (1963) and Ph.D. in physics (1966).
In 1966 he joined the faculty at Virgin-
ia State University. In addition to their
work on magnetic monopoles both men
do research on well-established elemen-
tary particles.

JOHN WENNBERG and ALAN
GITTELSOHN (“Variations in Medi-
cal Care among Small Areas”) have col-
laborated since 1967 in studying health
care in New England. Wennberg is pro-
fessor of epidemiology at. the Dart-
mouth Medical School. He received
his B.A. at Stanford University and his
M.D. from the McGill Medical School.
After finishing his residency he got a
master’s degree in public health from
the Johns Hopkins School of Hygiene
and Public Health in 1966. From 1967
to 1972 he was assistant professor of
medicine at the University of Vermont
and director of the state’s Regional
Medical Program. In 1972 he was ap-
pointed associate professor of epidemi-
ology at Dartmouth, a post he held un-
til he became professor in 1980. From
1973 until 1978 Wennberg was also as-
sistant professor of preventive and so-
cial medicine at the Harvard Medical
School. Gittelsohn is professor of bio-
statistics at the Johns Hopkins Universi-
ty School of Hygiene and Public Health.
His bachelor’s degree and doctorate in
biostatistics are both from the Universi-
ty of California at Berkeley. After work-
ing in the health department of both
California and New York he joined the
Johns Hopkins faculty in 1964.

TONY ROTHMAN (“The Short Life
of Evariste Galois”) is currently a visit-
ing fellow in astrophysics at the Uni-
versity of Oxford. He received his un-
dergraduate education at Swarthmore
College, from which he was graduated
in 1975. In 1981 he got his Ph.D. in phys-
ics from the University of Texas at Aus-
tin. His research interests include black
holes, the formation of baryons early in
the history of the universe and the syn-
thesis of atomic nuclei in stars. He is
also a professional writer, having pub-
lished a novel and a number of popu-
lar articles on scientific subjects. He is
at work on a second novel. Rothman
writes: “My interest in Galois actually
stemmed from a play...I wrote a few
years ago. It concerns the Russian poet
Pushkin as well as Galois. In the course
of my background research I discovered
that the standard accounts of Galois’s
life in English were, to say the least, in-
accurate.”
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METAMAGICAL
THEMAS

The music of Frédéric Chopin: startling

aural patterns that also startle the eye

by Douglas R. Hofstadter

The abstract visual pattern of the
music running across the bottom
of these two pages is the first eight
bars of one of the most difficult and lyr-
ical pieces for piano ever composed,
namely the 11th étude in A minor from
Frédéric Chopin’s Opus 25, written in
about 1832 when he was in his early
20’s. As a boy I heard the Chopin études
many times over on my parents’ record
player, and I quickly grew to love them.
They became as familiar to me as the
faces of my friends. Indeed, I cannot
imagine who I would be if I did not
know these pieces.

A few years later, as a teenage piano
student, I wanted to learn to play some
of these old friends. I went to the local
music store and found a book of them. I
shall never forget my reaction on open-
ing the book and looking for my friends.
They were nowhere to be found! I saw
nothing but masses of black notes and
chords: complex, awesome visual pat-
terns that I had never imagined. It was as
if, expecting to meet old friends, I had
instead found their skeletons grinning at
me. It was terrifying. I closed the book
and left, somewhat in shock.

I remember going back several times

to the music store, each time pulled by
the same curiosity tinged with fear. One
day I worked up my courage and actual-
ly bought that book of études. I suppose
I hoped that if I simply sat down at the
piano and tried playing the notes I saw,
I would hear my old friends, albeit a lit-
tle slowly. Unfortunately nothing of the
kind happened. In general I could not
even play the two hands together com-
fortably, let alone re-create the sounds I
knew so well. This left me disheartened
and a little frightened at the realization
of the awesome complexities I had taken
for granted. You can look at it two ways.
One way is to be amazed at how human
perception can integrate a huge set of
independent elements and “hear” only a
single quality; the other is to be amazed
at the incredible skill of a pianist who
can play so many notes so quickly that
they all blur into one shimmering mass,
a “co-hear-ent” totality.

At first it was bewildering to see that
“friends” had inside them anatomies
of such overwhelming complexity. But
looking back, I don’t know what I ex-
pected. Did I expect that a few sim-
ple chords could work the magic I felt?
No; if T had thought it over, I would
have realized this was impossible. The
only possible source of that magic was
in some kind of complexity—patterned
complexity, to be sure. And I think the
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The opening of the 11th étude from Chopin’s Opus 25 is printed out (bottom) by a computer program developed by Donald Byrd.
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experience taught me a lifelong lesson:
that phenomena perceived to be magi-
cal are always the outcome of complex
patterns of nonmagical activities tak-
ing place at a level below perception. In
other words, the magic behind magic
is pattern. The magic of life itself is
a perfect example, emerging as it does
out of patterned but lifeless activities
at the molecular level. The magic of
music emerges from complex, nonmag-
ical—do I mean “metamagical”?—pat-
terns of notes.

aving bought the volume, I felt

drawn to it, wanted to explore it
somehow. I decided that, hard work
though it might be, I would learn an
étude. I chose the one that was my cur-
rent favorite—the one pictured—and set
about memorizing the finger pattern in
the right hand, together with the pat-
terns that follow it, making up the first
two pages or so. I played the pattern
literally thousands of times, and grad-
ually it became natural to my fingers,
although never as natural as it had al-
ways sounded to my ears—or rather to
my mind.

It was then I first observed the amaz-
ing subtlety of the lightning flash of the
right hand, how it is composed of two
alternating and utterly different compo-
nents: the odd-numbered notes (shown

in color in both the bar graph and the
musical notation below it) trace out a
perfect descending chromatic scale for
four octaves, while the even-numbered
notes (shown in black), wedged between
them like pickets between the spaces
in a picket fence, dictate an arpeggio
with repeated notes. To execute this al-
ternating pattern the right hand flutters
down the keyboard, tilting from side to
side like a swift in flight, its wings beat-
ing alternately.

A word of explanation. On a piano
there are 12 notes (some black, some
white) from any note to the correspond-
ing note one octave away. Playing them
all in order creates a “chromatic” scale,
as contrasted with the more familiar
diatonic scales (usually major or minor).
These latter involve only seven notes
apiece (the eighth note being the octave
itself). The seven intervals between the
successive notes of a diatonic scale are
not all equal. Some are twice as large as
others, yet to the ear there is a perfect
intuitive logic to it. Rather paradoxical-
ly, most people can sing a major scale
without any trouble, uneven intervals
notwithstanding, but few can sing a
chromatic scale accurately, even though
it “ought” to be much more straightfor-
ward, or so it would seem, since all its
intervals are exactly the same size. The
chromatic scale is so called because the

extra notes it introduces to fill the gaps
in a diatonic scale have a special kind of
“bite” or sharpness to them that adds
color or piquancy to a piece. For that
reason a piece filled with notes other
than the seven notes belonging to the
key it is in is said to be chromatic.

An arpeggio is a broken chord played
one or more times in a row, moving up
or down the keyboard. Thus it bears a
resemblance to a spread-out scale, a lit-
tle like someone bounding up a staircase
three or four steps at a time. Chopin’s
music is filled with both arpeggios and
chromatic passages, but the intricate fu-
sion of these two opposite structural ele-
ments in the 11th étude struck me as a
masterpiece of ingenuity. And what is
amazing is how it is perceived when the
piece moves quickly. The chromatic
scale comes through loud and clear,
forming a smooth “envelope” of the
pattern (your eye picks it out too), but
the arpeggio blurs into a kind of har-
monic fog that deeply affects one’s per-
ception, if only subliminally, or so it
seems at least to the untrained ear.

Each étude in the book I bought has a
characteristic appearance, a visual tex-
ture. This was one of the most striking
things about it at first. I was not at all
accustomed to the idea of written music
as texture; the simple pieces I had played
up to that time were slow, so that ev-

The colored vertical bars at the top trace the rise and fall of the odd-numbered notes; the gray bars, that of the even-numbered ones
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Chopin’s étude Op. 10, No. 1, in C major is printed out so that its waves are in phase
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ery note was distinctly heard. In other
words, those pieces were coarse-grained
compared with the fine grain of a Cho-
pin étude, where notes often go by in a
blur and are merely parts of an audi-
tory gestalt. Conversion of this kind of
auditory experience to notated music
sheets often yields quite stunning tex-
tures and patterns. Each composer has
a characteristic set of patterns the eye
becomes familiar with, and these études
provided for me a stunning realization
of that fact.

Sadly, I was forced to abandon étude
Op. 25, No. 11, after having learned
a little more than a page—it was simply
too hard for me. James Huneker, an
American critic and one of Chopin’s
first English-language biographers, said
of this study: “Small-souled men, no
matter how agile their fingers, should
not attempt it.” Well, whatever the size
of my soul, my fingers were not agile
enough. For a while that discouraged
me from attacking any more Chopin
études at all. A few years later, howev-
er, when I was working more earnestly
on improving my modest piano skills,
I came across an isolated Chopin étude
in a book of medium-difficult selections.
It turned out to be one of three études
he had composed later in life, none of
which had been on my parents’ rec-
ords. This was a find indeed! Luckily

its texture looked less prickly, its pace

less forbidding. Somewhat gingerly I
played through it very slowly and dis-
covered that it was astonishingly beau-
tiful and not as inaccessible as the oth-
ers I had tried.

Like the rest of Chopin’s studies, this
one is centered on a particular technical
point, although to think of the études
primarily in that way is like thinking of
the gymnastic performances of Nadia
Comaneci as mere setting-up exercises.
Louis Ehlert, a 19th-century musicolo-
gist, wrote of one of the most beautiful
études in Opus 25 (the sixth one, in G-
sharp minor): “Chopin not only versifies
an exercise in thirds; he transforms it
into such a work of art that in studying
it one could sooner fancy himself on
Parnassus than at a lesson. He deprives
every passage of all mechanical appear-
ance by promoting it to become the em-
bodiment of a beautiful thought, which
in turn finds graceful expression in its
motion.” And so it is for this easier,
posthumously published étude in A-flat
major, whose chief technical concern is
the concept of ‘“three against two,” a
special case of the general concept of
polyrhythm.

Mathematically the concept is simple
enough: piay two musical lines simul-
taneously, one of them sounding three
notes to the other’s two. Usually the
triplet and the doublet are aligned so
that they start at the same instant. When
they are both plotted on a unit interval,

you can see that the doublet’s second
note is struck halfway between the trip-
let’s second and third notes. Of course,
this is simply a restatement of the fact
that 1/2 is the arithmetic mean of 1/3
and 2/3:

Voice 1:} t + - (triplet)
0 1/3 2/3 1
0 172 1

Voice 2: } } -| (doublet)

In theory two voices playing a three-
against-two pattern need not be perfect-
ly aligned. If you shift the upper voice
by, say, 1/12 to the right, you get a dif-
ferent picture:

Voice 1: } } } -
1712 5/12 3/4 13/12
0 1/2 1
1 |

Voice 2: — T 1

Here the triplet’s third note starts
halfway through the doublet’s second.
As you can see, the triplet extends be-
yond the end of the interval, presumably
to join onto another identical pattern.
We can fold the pattern around and rep-
resent its periodicity in a circle:

1712

3/4

5/12

By rotating either of the concentric
circles like a knob we get all possible
ways of hearing three beats against two.
In Chopin and most other Western mu-
sic, however, the only possibility ex-
ploited is where the triplet and doublet
are perfectly “in phase.”

At first I found the three-against-two
rhythm hard to perform exactly. One
has to learn how to hear the voices sep-
arately, to hear the lilt of the three-
rhythm weaving itself into the square
mesh of the two-rhythm. Of course, it is
easy to hear when someone else is play-
ing; the trick is to hear it in one’s own
playing! In principle the task is not hard,
but it is one of coordination that re-
quires practice. I found that once I had
mastered the problem of playing the
two rhythms evenly and independently
I could play the entire étude. To play
it—or to hear it—is like smiling through
tears, it is so beautiful and sad at the
same time.

It is impossible to pinpoint the source
of the beauty, needless to say, but it
is certainly due in part to the way the
chords in the right hand flow into one
another. Almost all the way through the
piece the right hand plays three-note
chords (six to a measure) against single
notes by the left hand (four to a mea-
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sure). The delicacy of the piece comes
from the fact that very often when one
chord flows into the next one, only a
single note changes. And to add to the
subtlety of this slowly shifting pattern,
usually the steps taken by the shifting
voice are single scale steps rather than
wide jumps. These “rules” do not hold
all the way, of course; there are numer-
ous exceptions. Nevertheless, there is
a uniform aural texture to the piece
that imbues it with its soft melancholy,
known in Polish as tesknota.

It is interesting to speculate about the
extent to which such formal considera-
tions occurred to Chopin while he was
composing. It is well known that Cho-
pin revered Bach’s music. “Always play
Bach,” was his advice to a pupil, and
he was particularly devoted to the Well-
Tempered Clavier, a paragon of elegant
formal structures. Chopin confided to
his friend Eugéne Delacroix, the paint-
er, that “the fugue is like pure logic in
music.... To know the fugue deeply is
to be acquainted with the element of
all reason and consistency in music.”
Clearly Chopin loved pattern.

A stunning demonstration of Cho-
pin’s extreme awareness of the visual
appeal of the textures in his études is
provided by the manuscript of his étude
Op. 10, No. 1, in C major, one about
which Huneker wrote, in his inimita-
ble prose:

“The irregular, black, ascending and
descending staircases of notes strike the
neophyte with terror. Like Piranesi’s
marvelous aerial architectural dreams,
these dizzy acclivities and descents of
Chopin exercise a charm, hypnotic, if
you will, for eye as well as ear. Here is
the new technique in all its nakedness,
new in the sense of figure, design, pat-
tern, web, new in a harmonic way. The
old order was horrified at the modulato-
ry harshness, the young sprigs of the
new fascinated and a little frightened. A
man who could explode a mine that as-
sailed the stars must be reckoned with.”

That neophyte might well have been
me. Huneker’s words form an amusing
contrast with what the 19-year-old Cho-
pin himself wrote of this, his first étude,
in a letter to his friend Tytus Woycie-
chowski in 1829: “I have written a large
exercise in form, in my own personal
style; when we get together, I’ll show it
to you.” A finished copy, believed to be
in Chopin’s hand, is now in the Museum
of the Frédéric Chopin Society in War-
saw. Under the present conditions in Po-
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Threes beat against twos in A-flat major étude
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The étude Op. 25, No. 2, was written in threes (top) but can be played in twos (bottom)

land it would be difficult to reproduce
it directly. Fortunately Donald Byrd
of Indiana University has developed a
computer program that can print out
music according to specification. With
his marvelous program, and with the
help of Adrienne Gnidec and me, Byrd
has printed the music in such a way as to
reproduce the large-scale visual patterns
of Chopin’s own manuscript, in which
he took great care to align all the crests
of the massive waves. When this piece is
played at the proper speed, each sweep
up and down the keyboard is heard as
one powerful surge, like the stroke of an
eagle’s wing, with the notes at each crest
sparkling brilliantly like wing tips flash-
ing in the sun.

Alother interesting feature of Cho-
pin’s notation, copied here, is his
positioning of the octave whole notes in
the bass. Instead of placing them at the
very start of each measure, aligned with
the sixteenth-note rests, Chopin centers
each one in its own measure, thereby
creating an elegant visual balance but
losing some notational clarity. Musical-
ly the centering has no effect. Since a
whole note lasts for the duration of an
entire 4/4 measure, it must be struck at
the start of the measure, otherwise it
would overflow into the next measure,
and that is impossible. Or rather, it
would violate a much more rigid con-
vention of music notation, namely that
no note can designate a sound that over-
flows the boundaries of its measure.

b o

cEn=======2-—=2c2

Hence the only interpretation possible
is that the whole note is to be struck at
the outset. In other words, the center-
ing is simply a charming artistic touch
with a quaint 19th-century flavor, like
the ornaments on a Victorian house.
The modern music-reading eye is used
to more functional notation; in partic-
ular it expects the staff to be in es-
sence a graph of the sound in which
the horizontal axis is time. Thus notes
struck simultaneously are expected to
line up vertically.

But let us return to the matter of
Chopin’s preoccupation with form and
structure. Few composers of the roman-
tic era have penned such visually pat-
terned pages, have spun a whole cloth
out of a single textural idea. With Cho-
pin, however, preoccupation with strict
pattern never took precedence over the
expression of heartfelt emotions. One
must distinguish, it seems to me, be-
tween ‘“head pattern” and “heart pat-
tern,” or, in more objective-sounding
terms, between syntactic pattern and se-
mantic pattern. The notion of a syntac-
tic pattern in music corresponds to the
formal structural devices used in poet-
ry: alliteration, rhyme, meter, repetition
of sounds and so on.

The notion of a semantic pattern is
analogous to the pattern or logic that
underlies a poem and gives it reason to
exist: the inspiration, in short. That there
are such patterns in music is as undeni-
able as that there are courses in the theo-
ry of harmony. Yet harmony theory has

@mgug

Ballade in F minor has flags flying on every fourth note (color) in the treble clef
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no more succeeded in explaining such
patterns than any set of rules has yet
succeeded in capturing the essence of
artistic creativity. There are words to
describe well-formed patterns and pro-
gressions, but no theory yet invented has
even come close to creating a semantic
sieve so fine as to let all bad composi-
tions fall through and to retain all good
ones. Theories of musical quality are
still descriptive and not generative; to
some extent they can explain in hind-
sight why a piece seems good, but they
cannot enable someone to create new
pieces of quality and interest. It is none-
theless fascinating, if not downright
compelling, to try to find certain ear-
marks of greatness, to try to understand
why one composer’s music reaches in
and touches one’s innermost core and
another composer’s music leaves one
cold and unmoved. It is a mystery.

After learning the posthumous A-flat
étude I felt encouraged to tackle some of
the others. One of the ones I had loved
the most was Op. 25, No. 2, in F minor.
To me it was a soft, rushing whisper of
notes, a fluttering like the leaves of a
quaking aspen in a gentle breeze. Yet it
was not just a scene of nature; it ex-
pressed a human longing, a melancholy
infused with strange and wild yearnings
for something unknown and remote—
tesknota again. I knew this melody in-
side out from many years of hearing it,
and I looked forward to transferring it
to my fingers.

After a couple of months of practice
my fingers had built up enough
stamina to play the piece fairly evenly
and softly. This was very satisfying until
one day an acquaintance for whom I
was playing it commented, “But you’re
playing it in twos—it’s supposed to be in
threes.” What she meant by this was that
I was stressing every second note rather
than every third. Bewildered, I looked
at the score, and of course, as she had
pointed out, the melody was written
in triplets. But surely Chopin had not
meant it to be played in threes! After all,
I knew the melody perfectly. Or did I?
I tried playing it in threes. It sounded
strange and unfamiliar, a perceptual dis-
tortion the like of which I had never
experienced.

I went home and took out my parents’
old record of the Chopin études Opus
25 (played by a wonderful but hardly
remembered pianist named Alexander
Jenner). I put on the F minor étude and
tried to hear which way he played it. I
found I could hear it either way. Jenner
had played it so smoothly, so free of
accent (as it is said Chopin did), that one
really could not tell which way to hear
it. All of a sudden I saw I knew rwo melo-
dies composed of the same sequence of
notes! I felt myself to be very fortunate,
because now I could experience this fa-
miliar old melody in a fresh new way. It
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Melody of A-flat major waltz is in twos (color)

was like falling in love with the same
person twice.

I had to practice hard to undo the bad
habits of “biplicity” and replace them
with the indicated “triplicity,” but it was
a delight. The hardest part, however,
was combining the two hands. With
doublets in the right hand this had pre-
sented no problem; all the accented
notes fell in coincidence with notes in
the left hand, moving at exactly half the
speed of the right hand in a pattern of
widespread arpeggios. But if I were to
spread my accents thinner, so that I ac-
cented only every third note of the right
hand, then many of the notes in the left
hand would be struck simultaneously
with weak notes in the right. This may
sound simple enough, but I found it very
tricky. The difference is shown in the
top illustration on page 22 (which like
most of the others in this article was

created by Byrd’s program at Indiana

University).

Even after mastering the right-hand
solo in triplets, I found that when I put
the parts together, it was at first nearly
impossible to keep from softly accent-
ing the melodic notes coinciding with
the bass. It was a fearsome task of coor-
dination, yet I enjoyed it greatly. After
a while something just “snapped into
place,” and I found I was doing it. It was
not something I could consciously con-
trol or explain; I simply was playing it
right all of a sudden.

In Huneker’s commentary on this
etude he quotes Theodor Kullak, anoth-
er Chopin specialist, on the “algebra-
ic character of the tone-language” and
then adds: “At times so delicate is its
design that it recalls the faint fantastic
tracery made by frost on glass.”

Chopin’s music is filled with such
“algebraic” tricks of cross-rhythm. He
seemed torevel in them in a way that no
previous composer had. A famous ex-
ample is his iconoclastic waltz Opus 42
in A-flat major, written in 1840. In it the
bass line follows the usual oom-pah-pah
convention, but the melody of the first
section completely counters this three-
ness; its six eighth notes, instead of being
broken up into three pairs aligned with
the left hand’s bounces, form two trip-
lets, as in the F minor étude I have been
discussing. Here, however, in contrast to
the nearly accentless shimmering that is
desired in the étude, the initial notes of
successive triplets are to be clearly em-
phasized and prolonged, thus creating a
higher-level melody (shown in color in

24

the illustration at the left) abstracted
out of the quietly rippling right hand.
This melody is composed of two notes
per measure, beating regularly against
the three notes of the waltzing bass. It is
a marvelous trompe loreille effect and
one that Chopin exploited again in his
E major scherzo, Opus 54, written in
1842, when he was 32.

In that same year Chopin wrote what
some admirers consider to be his great-
est work: the fourth ballade, in F mi-
nor. The piece is filled with noteworthy
passages, but one in particular had a
profound effect on me. One day, long
after I knew the piece intimately from
recordings, a friend told me he had been
practicing it and wanted to show me a
bit of tricky polyrhythm that was partic-
ularly interesting. I was actually not that
interested in hearing about polyrhythm
at the moment, and so I did not pay
much attention when he sat down at the
keyboard. Then he started to play. He
played only two measures, but by the
time they were over I felt that someone
had reached into the very center of my
skull and caused something to explode
deep down inside. This “bit of tricky
polyrhythm” had undone me complete-
ly. What was going on?

Of course, it was much more than
just polyrhythm, but that is part of it.
As you can see in the plot of the meas-
ures in the bottom illustration page
22, the left hand forms large, rumbling
waves of sound, like deep ocean waves
on which a ship is sailing. Each wave
consists of six notes, forming a rising
and falling arpeggio. High above these
billows of sound a lyrical melody soars
and floats, emerging out of a blur of
notes swirling around it like a halo.
This high melody and its halo are ac-
tually fused together in the right hand’s
18 notes per measure. They are writ-
ten as six groups of three, so that in
each half measure nine high notes beat
against the six-note ocean wave be-
low—already a clear problem in three-
against-two. But look: on top of those
flying triplets there are eighth-note flags
placed on every fourth note! Thus there
is a flag on the first note of the first
triplet, on the second note of the second
triplet, on the third note of the third trip-
let, on the fourth note of the fourth trip-
let.... Well, that cannot be. In fact, the
fourth triplet has no flag; the flag goes to
the first note of the fifth triplet, and the
pattern resumes. Flags waving in wind,
high on the masts of a sailing ship.

This wonderfully subtle rhythmic
construction might, just might, have
been invented by anyone, say by a
rhythm specialist with no feeling for
melody. And yet it was not. It was in-
vented by a composer with a supreme
gift for melody and harmony as well as
for rhythm, and this can be no coinci-
dence. A mere “rhythms hacker” would
not have the sense to know what to do
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with this particular rhythm any more
than with any other rhythmic structure.
There is something about this passage
that shows true genius, but words alone
cannot define it. You have to hear it. It is
a burning lyricism, having a power and
intensity that defy description.

One must wonder about the soul of
a man who at age 32 could write such
possessed music—a man who at the ten-
der age of 19 could write such perfectly
controlled and poetic outbursts as the
études of Opus 10. Where could this
rare combination of power and pattern,
this musical self-confidence and matu-
rity, have come from?

In search of an answer one must look to
Chopin’s roots, both his family roots
and his roots in his native land, Poland.
Chopin was born in a small and peaceful
country village 30 miles west of Warsaw
called Zelazowa Wola, which means
Iron Will. His father, Nicolas (Mikotaj)
Chopin, was a Frenchman by birth but
had emigrated to Poland and had be-
come an ardent Polish patriot (so ar-
dent, in fact, that he had participated in
the ill-fated insurrection led by the na-
tional hero Jan Kilinski in 1794 against
the Russian occupation of Warsaw).
Chopin’s mother, Justyna Krzyzanow-
ska, was a distant relative of the rich and
aristocratic Skarbek family, who lived
in Zelazowa Wola. She lived with them
as a family member and took care of
various domestic matters. When Miko-
faj Chopin came to be the tutor of the
Skarbek children, he and Justyna met
and married. In addition to being a gen-
tle and loving mother she was as fervent
a Polish patriot as her husband and also
had aromantic and dreamy streak. They
had four children, of whom Frédéric,
born in 1810, was the second. The other
three childrén were girls, one of whom
died young of tuberculosis, which was
to finally claim - Frédéric as well, at
age 39. The four children doted on one
another. All in all Chopin had a very
happy childhood.

The family moved to Warsaw when
Frédéric was very young, and there he
was exposed to culture of all kinds, since
his father was a teacher and knew uni-
versity people of all disciplines. Frédé-
ric was a fun-loving, spirited boy. The
summer he was 14 he spent away from
home in a lilac-filled village called Sza-
farnia. He wrote home a series of letters
gleefully mocking the style of the War-
saw Courier, a gossipy provincial paper
of the times. One item from his “Szafar-
nia Courier” ran as follows (in full):

“The Esteemed Mr. Pichon [an ana-
gram of Chopin] was in Golub on the
26th of the current month. Among other
foreign wonders and oddities, he came
across a foreign Pig, which pig quite spe-
cially attracted the attention of this most
distinguished Voyageur.”

Chopin’s musical talent, something he
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shared with his mother, emerged very
early and was nurtured by two excellent
piano teachers, first by a gentle and
good-humored old Czech named Woj-
ciech Zywny and later by the director of
the Warsaw Conservatory, J6zef Elsner.

Chopin grew up in the capital city of
the “Grand Duchy of Warsaw”—what
little remained of Poland after it had
been carved up, in three successive “par-
titions” in the late 18th century, by its
greedy neighbors, Russia, Prussia and
Austria. The turn of the century was
marked by a mounting nationalistic fer-
vor; in Warsaw and Cracow, the two
main Polish cities, there occurred a se-
ries of rebellions against the foreign
occupiers, but to no avail. A number of
ardent Polish nationalists went abroad

Op. 10, No. 11 (E-flat major)
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and formed “Polish Legions” whose
purpose was to fight for the liberation of
all oppressed peoples and to eventually
return to Poland and reclaim it from the
occupying powers. When Napoleon in-
vaded Russia in 1806, a Polish state was
established for a brief instant; then all
was lost again. The Polish nation’s flame
flickered and nearly went out totally,
but as the words to the Polish national
anthem proclaim, “Jeszcze Polska nie
zgineta, pdki my Zzyjemy.” It is a curious
sentence, built out of past and present
tenses, and literally translated it runs,
“Poland has not yet perished, as long as
we live.” The first clause sounds fatalis-
tic, as if Poland surely wil/l perish, but
not quite yet! Actually the connotations
are nhot that despairing; a better overall

Op. 25, No. 1 (A-flat major)
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Op. 25, No. 6 (G-sharp minor)
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translation would be, “Poland will not
perish, as long as we live.”

The Poles are a people who have
learned to distinguish sharply be-
tween the idea of themselves as a people
and the idea of the land they live in. The
“Polish nation” represents a spirit rath-
er than a piece of territory, although of
course the nation came into existence
because of the bonds between people
who lived in a certain area. It is the fra-
gility of this flickering flame, and the
determination to keep it alive, that Cho-
pin’s music reflects so purely and poi-
gnantly. There is a certain fusion of bit-
terness, anger and sadness called Za/ that
is uniquely Polish. One hears it, to be
sure, in the famous mazurkas and polo-

Op. 25, No. 2 (F minor)
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Six pages from six Chopin études show their remarkable variation in visual pattern
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naises, pieces Chopin composed in the
form of national dances. The mazurkas
are mostly smaller pieces based on folk-
like tunes with a lilting 3 /4 rhythm; the
polonaises are grand, heroic and mar-
tial in spirit. But one hears this burning
flame of Poland just as much in many of
Chopin’s other pieces, for example in
the slow middle sections of such pieces
as the waltzes in A minor (Op. 34, No.
2) and A-flat major (Op. 64, No. 3), the
pathos-filled prelude in F-sharp major
(Op. 28, No. 13) and particularly in the
middle part of the F-sharp minor polo-
naise (Opus 44), where a ray of hope
bursts through dark visions like a gleam
in the gloom. One hears Zal in the angry,
buzzing harmonies of the étude in C-
sharp minor (Op. 10, No. 4), and in the
passion of the étude in E major (Op. 10,
No. 3). In fact, Chopin is said to have
cried out on hearing this piece played in
his presence, “O ma patrie!” (“O my
homeland!”)

But aside from the fervent patriotism
of Chopin’s music there is in it that
different and softer kind of Polish nos-
talgia: tesknota. It is his yearning for
home—for his childhood home, for his
family, for a dream-Poland that at age
20 he had left forever. In 1830, at the
height of the turmoil in Warsaw, Chopin
set out for France. He had a premoni-
tion that he would never return. Travel-
ing by way of Vienna, he made slow
progress. When things boiled over in
late 1831, when in September, 1831, the
Russians finally crushed the desperate
Warsaw insurrection, Chopin was in
Stuttgart. On hearing the news he was
overwhelmed with agitation and grief,
partly out of fear for the fate of his
family, partly out of love for his strick-
en homeland. He wavered about going
back to Poland and fighting for his na-
tion, but the idea eventually receded
from his mind.

It was at about this time that he com-
posed the 12th and last étude of his
Opus 10. Of this étude Chopin’s Polish
biographer Maurycy Karasowski wrote:
“Grief, anxiety and despair over the fate
of his relatives and his dearly beloved
father filled the measure of his suffer-
ings. Under the influence of this mood
he wrote the C minor étude, called by
many the ‘Revolutionary Etude.” Out of
the mad and tempestuous storm of pas-
sages for the left hand the melody rises
aloft, now passionate and anon proudly
majestic, until thrills of awe stream over
the listener, and the image is evoked of
Zeus hurling thunderbolts at the world.”

This is pretty strong language. Hune-
ker echoes these sentiments, as does the
French pianist Alfred Cortot, who in his
famous Student’s Edition of the études
refers to the piece as “an exalted out-
cry of revolt...wherein the emotions
of a whole race of people are alive and
throbbing.” I myself have never found
this étude as overwhelming as these au-
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thors do, although it is unquestionably a
powerful outburst of emotion. If some-
one had told me that one of the études
had come to be known as the “Revolu-
tionary Etude” and had asked me to
guess which one, I would certainly have
picked one of the last two of Opus 25,
either No. 11 in A minor, the one pic-
tured at the beginning of this article,
with its tumultuous cascades of notes in
the right hand against the surging, hero-
ic melody in the left hand, or else No. 12
in C minor, which sounds to me like a
glowing inferno seen at night from far
away, flaring up unpredictably and awe-
somely. As for the actual “Revolution-
ary Etude,” I have always found its
ending enigmatic, fluctuating as it does
between major and minor, between
the keys of F and C, like an indecisive
thunderclap.

Still, this piece, like the martial A-flat
major polonaise (Opus 53), has be-
come a symbol of the tragic yet heroic
Polish fate. Wherever and whenever it
is played, it is special to a Pole, whose
heart beats faster and whose spirit can-
not fail to be deeply moved. I shall never
forget how I heard it nightly as the clar-
ion call of Poland, when I would try to
tune in Radio Warsaw from Germany in
1975. Two measures of shrill, rousing
chords above a roaring left hand, like a
call to arms, were repeated over and
over again as the call signal, preceding
a nightly broadcast of Chopin’s music.
Nor shall I ever forget how the feeble
signal of Radio Warsaw faded in and
out, symbolizing to me the flickering
flame of Poland’s spirit.

However one chooses to describe it—
whether in terms of Za/ and t¢sknota, pa-
triotyzm and polyrhythm or chromati-
cism and arpeggios—Chopin’s music
has had a deep influence on the compos-
ers of succeeding generations. It is per-
haps most visible in the piano music of
Alexander Scriabin, Sergei Rachmani-
noff, Gabriel Fauré, Felix Mendelssohn,
Robert and Clara Schumann, Johan-
nes Brahms, Maurice Ravel and Claude
Debussy, but Chopin’s influence is far
more pervasive than even that would
suggest. It has become one of the cen-
tral pillars of Western music, and as
such it has its effect on the music per-
ceived and created by everyone in the
Western world.

In one way Chopin’s music is purely
Polish, and that Polishness— Polsknosé—
extends even to foreign-inspired pieces
such as his Bolero, Tarantella, Barca-
rolle and so on. In another way, though,
Chopin’s music is universal, so that even
his most deeply Polish pieces—the ma-
zurkas and polonaises—speak to a com-
mon set of emotions in everyone. But
what are these emotions? How are they
so deeply evoked by mere pattern? What
is the secret magic of Chopin? I know of
no more burning question.
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BOOKS

The five kingdoms of life, an atlas of human

cultures, animal play, the causes of cancer

by Philip Morrison

GUIDE TO THE PHYLA OF LIFE ON

EARTH, by Lynn Margulis and
Karlene V. Schwartz. W. H. Freeman
and Company ($24.95). When Linnae-
us published his System of Nature he
brought boundless classificatory energy
to the mapping of three natural king-
doms: the animal, the plant and the min-
eral. The image has passed into meta-
phor. In this disciplined and fascinating
“catalog of the world’s living diversity”
the term has a narrow biological mean-
ing: a kingdom is simply the largest cate-
gory of related living forms. The scheme
of the five kingdoms of life used here
was developed by the late Robert H.
Whittaker, a Cornell ecologist, to reflect
appropriately the newer recognition of
the profound importance of the host of
forms that cannot be regarded as plants
or as animals. The oldest of the king-
doms on the earth is the Monera: micro-
bial, usually unicellular forms whose
DNA message is not wound onto any
proteinaceous chromosomal scrolls.
That parts the Monera from all other
forms of life; all other cells have chro-
mosomes fit for some more or less com-
plicated ballet of division. The more
familiar groupings hold generally multi-
cellular forms: societies of individually
larger and more complex cells, all with-
in the three familiar kingdoms, each
characterized by a recognizable macro-
scopic way of life. Fungi are absorbers,
Plantae are producers and Animalia are
pursuers of nutrient molecules.

The fifth kingdom, necessarily a rag-
bag since it is defined by exclusion, in-
cludes all those forms that have large
cells and true nuclei but do not proceed
with developmental elaboration as the
members of the more familiar kingdoms
do. Its variety is wide, although its mem-
bers are all aquatic, from austerely sim-
ple single-cell plankton up to giant
kelp. Other authors bent on consistency
have carved up to 20 kingdoms out of
this domain. Here it is one empire. It
has been tagged by a name the Greeks
might disown as barbarous: Protoctista.
(These Boston biologist authors have
their reasons, but the term may not en-
dure.)

FIVE KINGDOMS: AN ILLUSTRATED
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This much is mere framework, indis-
pensable but by now familiar to the stu-
dent of any introductory biology text.
What is here is a sparkling string of pic-
tured marvels, examples from about 90
great divisions next under the five king-
doms, each division a broad class of liv-
ing classes. The category was called a
phylum (the Greek for tribe) by Ernst
Haeckel a century ago. It includes per-
haps 40 phyla that have long been rec-
ognized and are widely agreed on, but
the authors have added considerably
to the list, proposing new phyla to hold
many forms of microbial life not widely
known. Indeed, such oddities are often
half-lost among the bewildering special-
izations within a study that cannot ne-
glect the botany of the Namibian desert,
the sea lilies of the dark Pacific floor, the
limestones of the pyramids and the kid-
ney parasites of the octopus.

Naturally microbial life must be char-
acterized more by metabolic style than
by visible form; biochemistry is the key.
Each phylum is presented by a careful
account of its nature and occurrence,
amounting to a tentative justification
for every category, and a photograph
is shown, if possible of the living form,
always supplemented by careful anno-
tated diagrams of the structures visible
and hidden. A few phyla muster only a
handful of known living species; one
phylum holds half a million. Arrows on
a drawing (a choice among five stock
scenes is made) point out the typical
habitats of each group. Some phyla are
treated more extensively; for our own,
the Chordata, the pages display close
cousins, a salamander, a sea peach and
a swan.

For each kingdom there is offered an
illustrated family tree of the descent of
the phyla described; necessarily tenta-
tive for most of the material, it is full
of interest for the reader, particularly
because a careful summary of the ideas
behind the judgments is given. “Each
taxonomy is a theory about the crea-
tures it classifies,” we are reminded in
a graceful foreword by Stephen Jay
Gould. This is not a simple catalogue
but a catalogue raisoné; we touch not
mere variety but a seamless web, the
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most exquisite and intricate fabric in all
the world’s weaving. The book is source
for innocent and expert alike. Not its
conclusions but its factual premises, the
diverse organisms we see in these im-
ages, make it irrefutable. That is what
life has become here on one planet;
about how it happened we still have
much to learn.

Middle-earth and the tigers of our
dreams are fictions less strange than
this tapestry. Take Pelomyxa, a fresh-
water cell a fifth of a millimeter long.
This little gathered bag has been stud-
ied mostly from the muddy bottom of a
pond in Oxford, where long ago the
discarded carcasses of elephants were
thrown by those who prepared exhibits
for the University Museum. It has a
well-enclosed nucleus but almost none
of the complex organelles found in oth-
er nucleated cells, no mitochondria, no
chromatin, no Golgi bodies, no.... It
harbors two distinct types of bacterial
symbionts that it seems to feed with its
lactic acid waste. They may functionally
replace the lacking mitochondria.

Or consider Trichoplax, “the simplest
of animals.” Without tissues or organs,
head or tail, it looks like an outsize
amoeba, formless and undirected in its
motion, except that it keeps topside up.
It consists of thousands of cells in two
layers; it can divide by mere fission or
arise out of an egg, although no fertiliza-
tion has yet been seen. The beast was
discovered in the seawater aquarium of
landlocked Graz in Austria a century
ago; few have ever seen it who have not
searched for it carefully in seawater
from Plymouth to the Red Sea.

Here is a tiny spine-studded drifting
sphere of the sea, an acantharian, whose
radially symmetrical skeleton startling-
ly consists of crystalline rods of stronti-
um sulfate. Here too are the nitrogen-
fixing bacteria; without their enzyme,
with an uncommon molybdenum or va-
nadium atom enclosed, we would all
starve. Here are the slime molds; those
that form stalks and fruit from a host of
aggregating big amoebalike cells; those
that thrust up their flowerlike reproduc-
tive stages from flat multinucleate mas-
ses of protoplasm, mobile only by differ-
ential growth; those that send up a simi-
lar fruited stalk after the convocation of
a vast quorum of tiny bacterial cells, all
nucleus-free. Here are the spoon worms,
at home from the abyss to tropical
shores, which occupy a U-tube burrow a
few feet long, ever pumping seawater in
a life that is a paradigm of one-way flow.

This gallery begins with the smallest
cellular forms, the lipid-walled bacteria
(grouped perhaps too simply together),
from those that dwell in Yellowstone
hot springs to those that are pathogens
for a strange pneumonia in human be-
ings and their domesticates. (Viruses,
even smaller, are not included; noncel-



lular, they are mere genetic recipes and
are not alive.) The pictures close with
the lovely purple aster of New England
meadows. A thousand genera of organ-
isms are listed at the end in a helpful
directory with such common names as
exist, each assigned to the right phylum.
An indispensable glossary is not forgot-
ten; the nomenclature of these curious
forms and habits is a formidable pseu-
do-Hellenic tongue. There is no other
comparable guide to the winding path
of organic evolution overall; the work is
imaginative and yet circumstantial, a
terse visual index to the living library of
10 million species that time has com-
piled in the script of molecular helixes.

TLAS OF WORLD CULTURES, by
George Peter Murdock. University
of Pittsburgh Press ($10.95). This small,
dense, personal book by a senior ethnog-
rapher is no atlas but an almanac. It tab-
ulates, without a single map or figure
but with plenty of numerical tables,
the rich diversity not of our biological
species, which is securely unitary, but
of human cultures, those more swiftly
evolving phenomena of an intrinsically
social primate, H. sapiens. Like any such
summary, it is limited to somewhat ran-
domly accumulated evidence. Here that
evidence is the entire ethnographic liter-
ature: full and careful descriptions of a
local culture, detailed enough and yet
generalized enough to answer a variety
of questions whose coded answers are
the substantive component of the book.
The author knows that special branch of
learning well: “It is probable,” he says,
“that I have read several times as much
ethnographic literature as any other liv-
ing person.” He reads in six languages,
those western European tongues that
dominate the field, particularly before
the mid-20th century, and he has sought
out translations from the Russian. Since
the spread of modern influence world-
wide is steadily reducing the opportuni-
ty for ethnographic study of relative-
ly unperturbed cultures, this window
seems to allow a good comparative
view, although one wonders a little
about coverage of the scholarship of
China and Japan.

The book divides the world of peo-
ple into six areas of crudely compara-
ble size: the two New World continents,
Oceania, Europe augmented by the cir-
cum-Mediterranean fringes of Asia and
Africa, and the rest of Asia and of Afri-
ca. Professor Murdock has then subdi-
vided these areas into 25 provinces each,
using criteria of linguistic similarity and
cultural relationship clearly visible to
the original reporters. Within each prov-
ince so found—speaking roughly they
are the genera of cultures—he has select-
ed up to six individual cultures, each
pinpointed in place and time. These are
his species, so to speak: 563 societies,

the majority of all those that are well
described in the literature he has so
carefully examined.

Every societal species is named, num-
bered and indexed; one or two citations
are given for each one as a key to the
enormous literature. All the coding de-
cisions are personal; all the data were
surveyed in one mind. This provides
some kind of sampling stability, even
though it has its drawbacks. The liter-
ature since 1970 is little covered, al-
though Murdock has tried to avoid
blind spots, a task easier for him than for
less polyglot scholars. He includes both
ancient and modern cultures (the Ital-
ians, the Khmers, the English-speaking
peoples, the Incas) partly on the basis
of historical and folkloristic sources, a
practice evidently desirable, if uncom-
mon among anthropologists. Of course,
it is starkly skeletal to represent Italian
culture, for instance, by just three cita-
tions, two on ancient Rome and one on
Naples in 1950!

The rich lode of fiction is not repre-
sented. Murdock judges that the com-
plexity of Europe and the relative pov-
erty of the literature on societies of
northern East Asia and of South Ameri-
ca amount to the biggest gaps in what he
hopes is a cultural sample representa-
tive of the entire world. The codes them-
selves are interesting. Each culture is as-
sessed for a couple of dozen traits, from
the presence or absence of slavery and
the mode of marriage to the sex roles in
several occupations and terms of kin-
ship. Most of the entries offer more than
a single bit of information; subsistence
activities are described by five digits
coding quantitatively for the relative
importance of five ways of making a liv-
ing, from foraging to agriculture.

So narrow a look at human diversity is
bound to put off many; it would appear
that Professor Murdock is indeed no fa-
vorite of contemporary students of soci-
ety. Still, as an entry to a treasure house
this is an open and inviting little door.
Certainly the cross-cultural statistical
studies it makes possible need to be un-
derstood as tentative at best.

Some leads are worth citing, with all
the diffidence implied. It is no surprise
that the Kung of the Kalahari Desert are
as dependent on foraging for plants and
small animals as any other people; it is
less expected that in populous southern
India there is a forest group, the Chen-
chu, much like them. It is striking that
Africa shows the institution of slavery in
some form much more than any other
region and that worldwide both pot-
tery and loom weaving are held to be
feminine tasks, metalworking mascu-
line and agriculture about neutral. The
New World cultures are preponderant-
ly stateless and without social classes;
large states circle the Mediterranean,
and with them complex social stratifica-
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tion. Here we probably see a mix be-
tween space and time. If you seek to
know even a little about the sea gypsies
(the Bodjau), the Fuegians, the Ibibio,
the Todas, the Kapingamarangi or al-
most 600 other groups, here is an inex-
pensive and admirable initial guide. (A
larger predecessor of this study by the
same author has appeared serially in
journals and as a book, Ethnographic At-
las, in 1967.)

NIMAL PLAY BEHAVIOR, by Robert
Fagen. Oxford University Press
($29.95). The young hippopotamus calf
doing a backflip in the warm waters of
its lake home, the lion cubs play-wres-
tling and play-fighting, the play faces
of a chimpanzee mother and child and
the play-biting of a human partner
by a margay Kkitten are all delightfully
seen here in illustrations and closely
described. The author, a University of
Pennsylvania behavioral scientist out of
the Harvard biophysical milieu, has
studied animal play in ravens and ponies
and in cats domestic and wild. He has
plainly lost some of his heart to the Feli-
dae. These carnivores are “creatures of
the middle distance” as far as we human
beings are concerned. Their nature lies
too close for easy objectivity, yet is dis-
tant enough to outpace our intuition.
Above all, cats are beautiful, particular-
ly in their play.

Let no reader enter this bulky volume
to read of such delightful animal behav-
ior. A fourth of the book deals with the
natural history of play, tightly orga-
nized by group and crowned by an im-
pressive annotated list of all known pub-
lished accounts of animal play (eagles,
rhinoceroses but not aardvarks), apart
from the too voluminous work on the
three species rhesus, chimpanzee and
man. The list is 25 pages long. Of course,
it is a useful compilation, but no other
part of the work is primarily induc-
tive; most of it is critical, methodologi-
cal, theoretical, calculational. An early
chapter sets out three agreed elements
of animal play: play-fighting and its
kindred acts, “locomotor-rotational ex-
ercise” and diversive exploration with
newly examined objects as a base. A sen-
sible view toward definition—let it arise
if it can out of our partial conceptions—
continues to a discussion of cause and
function, close to philosophy.

Professor Fagen regards theoretical
foundation as indispensable, and he
seeks it in the general attitude of a tenta-
tive sociobiology, with emphasis on the
adaptive interaction of genes and behav-
ior. That foundation is the study of the
costs and benefits of play. Play is costly
in time and energy, but it allows the rise
of strengths and skills, it is part of an
adaptive strategy of social behavior and
it patently enters the life history of indi-
vidual development. Each of these for-
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mulations is expanded in a thoughtful
chapter, complete with mathematical
models based on game theory, recursive
relations for gene frequency as affected
by various simple cost-benefit interac-
tions and computer simulations along
such lines. (Most of the mathematics is
safely caged in a series of appendixes.)

A general reader is not much moved
by the genetic models, which are patent-
ly oversimplified. We cannot do much
better now; what is really shown is that
the frequency of a play gene can do
plenty of odd things, depending on quite
subtle changes in the model. Even inno-
vation can be put in, plus cultural trans-
mission. The results are far from simple.
It appears that specific scientific ques-
tions are hard to answer from the suc-
cess or failure of such general formula-
tions, absent independent evidence for
the precise hypotheses.

One strong statement is supported by
all that we see. “Play is a minority phe-
nomenon in nature.” It is demonstrable
among mammals and birds alone. Rep-
tiles may or may not show it, and for the
rest the evidence is negative, if not quite
secure. Ants and fishes have complex
social behavior but no known play. It
would seem that the development of
a powerful individually modified sys-
tem of behavior control—a brain—is the

needed condition. The models that stem
from the assumption of individual genes
for aspects of play may be no more co-
gent than the same kind of theory to
explain why larger animals weigh more.
A weightless allele is just not available.
It may be that an evolving computer
program of any sophistication needs
play. In this domain, rather than in be-
havioral genetics pure, there seems to be
a new path to understanding becoming
dimly visible. Professor Fagen pays at-
tention to this possibility too, but his
own research has struck out more into
the world of those unseen but hopeless-
ly self-centered genes. Firm conclusion
is surely premature, and it is sensibly
avoided.

The volume touches on deep human
issues, but it avoids with disdain a grand
final “people chapter.” That is not to say
there are no pages on creativity, on art,
on the fine tales of August Kekule and
Salvador Luria solving their great prob-
lems through play: “unsatisfactory met-
aphors.” The learning is impressive. The
initial epigraph is from The Georgics (left
in the Latin); closing allusions are to
Heraclitus and Patrick Henry Pearse.
There are nine appendixes and a citation
list of some 1,800 items. Professor Fa-
gen is not often at play, although here
and there a note of lightness enters. A

list includes dragons as one species in
which play has been reported, but alas
the entry is clearly marked mythical.

HE CAUSES OF CANCER: QUANTI-

TATIVE ESTIMATES OF AVOIDABLE
Ri1skS OF CANCER IN THE UNITED STATES
TobAy, by Richard Doll and Richard
Peto. Oxford University Press ($16.95).
At the request of the Office of Technolo-
gy Assessment two British epidemiolo-
gists here estimate the avoidable risks of
cancer in the U.S. today. Theirs is the
“black box” approach of the discipline:
widespread long-time studies of siz-
able human populations. “Humans feed
themselves, house themselves and ar-
range their own medical care at no cost
to the epidemiologist.” Human response
to any exposure is exactly what we want,
not some overdosed white rat’s. How
much the experimenter’s control is lack-
ing in such spontaneous data is all too
clear. It is arguably the worst of meth-
ods, but it is all we are likely to have, the
only game in town.

The basic ideas are not new; it is de-
tailed sifting of the tables that can per-
suade. The avoidability of most cancer
rests on the fact that worldwide cancers
vary in incidence specifically site by site,
by one or two orders of magnitude from
Iran to Nigeria, or from California to

The F15Eagle.

An airplane so versatile,
so suited to the defense needs of the nation,
that if it did not exist, it would have to be invented.

MCDONNELL DOUGLAS
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Japan. The implication is clear: we
might come to face only the minimal
risk at every site, although that can cer-
tainly not happen by chance. It is pretty
clear there is no built-in overall rate that
simply shifts sites from country to coun-
try. The statistics argue against it, and
specific exposures that much increase a
given type of cancer do not reduce the
risk of other types. Nor is the main effect
genetic: migrants change their cancers
with their residence. It is somehow em-
bedded in the way we live. Of course, no
meaningful numbers can be presented
without close attention to age distribu-
tions; cancer increases at most sites
along with age.

The study explicitly considers a dozen
avoidable causes in the practical sense,
from tobacco and alcohol through diet,
food additives, occupation, pollution
and on to unknown agencies. Each is
examined at length against the abundant
but still far from adequate literature.
The conclusions are well supported,
although these workers do not fail to
warn against complacency. The num-
bers must be kept under scrutiny; there
is a great deal we do not know, and
here what we do not know can hurt us.

This report appeared in a technical
journal in the middle of 1981; it con-
firms the only two earlier studies (one of

them for Britain) the authors know of.
Although several dozen types of cancer
are reported, more than half of all U.S.
cancer deaths result from cancer of the
lung, the breast or the colon. That is the
central social fact. The chief causes of
cancer in the U.S. today are also few:
tobacco and food. The tobacco factor
is ascribed to smoking, particularly of
tarry cigarettes. Each year there die
from lung cancer more Americans who
would have survived if no Americans
had ever smoked than the nation lost
in all the years of the war in Vietnam
plus the annual deaths in automobile
accidents.

That heavy risk is strongly increased
by exposure to cigarette smoke in the
first decade of adult life. (Young smok-
ers—it is particularly sad that the habit
has grown in the 1970’s most rapidly
among young women—are at serious
risk; persuade them to stop!) Details
matter; Americans leave longer stubs
unburned than the British, as one of the
authors can testify from the experience
of his early teens, when he scavenged
“the Southampton docks for smokable
stubs discarded by sailors of various na-
tions.” Matters are therefore improv-
ing under our new knowledge (which
we owe to Sir Richard Doll more than to
any other person) but too slowly.

Diet is in principle even more impor-
tant and almost as modifiable. Here,
however, we cannot act with much ef-
fect, because we do not know what in the
U.S. diet causes the relatively high rate
of cancers at half a dozen sites, such as
the colon, the breast, the gall bladder
and the pancreas. (Stomach cancers are
on the decline.) Any number of tantaliz-
ing hints are at hand. Underfed mice are
sleek, active and long-lived; they have
about half the rate of cancers at the ma-
jor sites. Breast cancer is correlated with
consumption of milk, colon cancers
with meat. Colorectal cancers are in-
versely related to a healthy population
of certain intestinal bacteria that feed on
particular components of dietary fiber,
the pentose polymers. The powerful car-
cinogens our body makes from nitrites
in the diet do not show any clear effect,
although a test meal of both bacon and
spinach resulted in the production of
plenty of the hazardous compounds.

There is much more to argue about,
but the outcome is that we have good
reason to blame the stuff we eat (and
how much of it and when) for a third of
the avoidable U.S. cancer deaths. But it
is not the food additives, not the butter
yellow, not the saccharin, not the ni-
trites, not the antioxidants. Additives
can be estimated to contribute “a token
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proportion” below 1 percent. It is not
hair dyes and not the pill. Nor is it the
carcinogens poured out in increasing
amounts by industry and transport; the
total effect of all pollution cannot be
much above 5 percent for air, water or
food. There the most uncertain single
component appears to be from the halo-
genated impurities in drinking water.
Industrial output as a whole, medical
practices, occupational hazards, ioniz-
ing and solar radiation, infection by vi-
ruses known and unknown may together
contribute 20 percent of the avoidable
risk. Another 5 percent takes ample ac-
count of the indirect effects of infection,
such as that of hepatitis on liver cancer.

These estimates are rough, some al-
most speculative, and Doll and Peto
allow for a wide range of error. Still,
it remains their conclusion that smok-
ing and some unknown attributes of
our diet are the dominant entryways
of avoidable fatal cancers, two-thirds
of them all. Cancer is not increasing in
America, save for lung cancer, clearly
the result of increased cigarette use,
and for an uncommon form of skin can-
cer, plausibly (but speculatively) relat-
ed to increased exposure of bare skin to
the sun by those who are not already
tanned by steady outdoor work. That
overall constancy is a gross argument
against attributing much new risk to
the flood of novel materials with which
our smokestacks and our workplaces
assault us; detailed examination con-
firms that view.

Doll and Peto single out several Gov-
ernment, industrial and private publi-
cations that have disagreed with them
over the past few years; their critique
of those publications seems cogent, both
as a matter of explicit argument and
as gauged by the concurrence of other
studies. They go so far as to characterize
one Federal report as written for “politi-
cal rather than scientific purposes” and
another private set of studies as done
by “people who wish to emphasize the
importance of occupational factors.”
Overestimates by a factor of 10 follow,
they say, from reliance not on observed
fatalities but on broad extrapolations
from studies of incidence under acute
exposure. In one instance the nasal-sinus
cancers projected from moderate occu-
pational exposure to nickel would have
caused 10 times as many deaths as the
national total that was reported.

This is of course no brief for greed or
carelessness in the shop, the causes of
numerous preventable cruel poisonings
of workers and other citizens. It is rather
to offer perspective; our experience has
not been as bad as our fears. But if we
are to progress, we need to know more
as well as to act more wisely. These
authors recommend a long-term epi-
demiological investment. Perhaps we
can persuade a few hundred thousand
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healthy people to contribute blood and
fecal samples to a bank, along with de-
tailed answers to an open-ended ques-
tionnaire on food, smoking, drinking,
work, residence, reproductive history,
drugs and the like. Epidemiologists
could study a set of such samples for
speculative inquiry once death from a
particular cause took any class of do-
nors. We have a steadily increasing abil-
ity to find significant factors in stored
blood. Naturally a national index of
causes of death would be needed as
well; such an index is not available to-
day across the barriers of state rec-
ord keeping and expense and of our in-
creasing concern with privacy. There
are some five or 10 years of life expec-
tancy to be gained by civil victory over
avoidable cancers; if we can keep the
nuclear peace, we should one day be
able to claim that worthwhile trophy
for public health.

CIENCE IN TRADITIONAL CHINA: A
COMPARATIVE PERSPECTIVE, by Jo-
seph Needham. Harvard University
Press ($12.50). It is 43 years since Jo-
seph Needham, a Cambridge biochem-
ist already distinguished by his liter-
ary and philosophical erudition, was in-
spired by Chinese visitors to his labora-
tory to learn their “marvellous script or
else burst.” He learned it all right, and
he went to wartime Chungking as Scien-
tific Counsellor to the British Embassy.
“Four years in China sealed my fate.”
What all the world now admires is our
share of his fate: the wealth of learn-
ing and insight that now occupies eight
thick books, his magnificent continuing
treatise on the history of science and
technology in China. The volumes sail
on: they will have traversed the spec-
trum of all the sciences by the time some
20 of them are on the shelf, at the end of
this decade. “I have a sporting chance
of seeing the voyage pretty nearly into
port,” he wrote in this book, a hardy
philosopher at 81, about a year ago. Af-
ter three decades his effort, nearly al-
ways joined by one or two colleagues,
consists now of a small scholarly indus-
try; some 20 people work in it world-
wide. No imaginative person of scientif-
ic interests can open any of the volumes
for the first time without a sense of dis-
covery and delight. They carry a West-
ern reader into another world of science,
manifestly akin to our own and just as
manifestly different.

Now, it is no light thing to master
those big volumes, to afford them or
even to take them down from the library
shelf. This small book, a set of five lec-
tures given at the Chinese University of
Hong Kong, is a satisfying taste from
the kitchen spoon of a great chef as he
prepares an august banquet. It is 100
admirable pages, an honest sample of
Needham’s comparative method that
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brightens the shadows in our own histo-
ry with light reflecting from the unex-
pected Chinese scene. Much of what is
here is not yet available full-rigged. An
introductory chapter with a personal air
and a bent for clockwork, followed by
accounts of gunpowder, of the alchemi-
cal search for longevity, of acupuncture
and moxibustion, and a view of time and
change in Chinese thought, the real cy-
cles of Cathay, make this little book a
fine day’s sail for readers who cannot
embark on the long voyage.

The gunpowder chapter is a marvel.
There is a Taoist book of the ninth cen-
tury that warns alchemists against the
famous mixture, lest it singe their beard
and burn down the lab. Long before that
the Chinese were great smoke produc-
ers; they fumigated in peace and war by
the fourth century. It was villainous salt-
peter that was the key to the real stuff.
By about A.p. 600 that organically de-
rived encrustation of soil was well rec-
ognized. A strange recipe (of course cit-
ed here) recommended, for preparation
of a rather inert substance, a process
that must have turned out to be rather
exciting, the first deflagrating mixture
in all history. By about A.D. 850 the al-
chemists were clearly warned what not
to do with honey, saltpeter and sulfur.
They did it anyway.

Gunpowder is the “fire chemical,” huo
yao in Chinese. A detailed chart maps its
progress: first a fuse, then a fire grenade,
then a flamethrower. That same fire
lance was still in service in this century
against wood junks among the pirates of
the China Sea. (It is visible here being
wielded by a demon in a painting 1,000
years old.) The fire lance was a cylin-
der—what else?—of bamboo. All gun
barrels grew from that stalk of fire. The
true propellant mixture—with plenty
of oxidant, long evolved beyond the
Greek-fire proto-napalm for which fus-
es were first made—powered rockets for
both civil and military purposes by the
1200’s. Within a century the true gun
and the true cannon were familiars of
Chinese battle; every such early bom-
bard of bronze or iron the Chinese ar-
chaeologists dig up bears a date earlier
than anything of the kind in Europe.
The dated relics go back to about the
time of the first European description of
the same weapon, in a famous Oxford
manuscript of 1327. Europe and Islam
had learned the art and had become dis-
ciples all too apt. If you want to learn
how cannon fired against castles remade
European polity and yet had little effect
in China, read the book.

Those big volumes are luxurious
throughout; their magnificent indexes
and lists of references are not found
in this economy product, and we miss
them sorely. But Dr. Needham’s own
magisterial way with a footnote is fully
suggested.
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STATFJORD “B” OIL PLATFORM, the heaviest object ever moved
by man, is shown being towed out of Stavangerfjord in Norway last
August. The structure, which had a displacement weight of 899,000
tons while it was under tow, was brought to rest in 472 feet of water
100 miles off the Norwegian coast in the Statfjord oil field. It is de-
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signed to resist North Sea storms by virtue of its immense weight. Stat-
fjord B provides living quarters for a crew of 200 in a core structure
eight stories high with two seven-story wings. More than 11,000 man-
years went into the $1.8-billion platform, which is being commis-
sioned this month. Its rated output is 150,000 barrels of oil per day.
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Advanced Offshore QOil Platforms

Creating structures that can withstand 100-foot waves in waters

600 feet deep calls for audacious engineering and heavy capital

expense. Here four innovative offshore platforms are described

ver the past dozen years offshore
O oil platforms have increased an
order of magnitude in their size,
technical complexity and cost. Today
about 12.5 million barrels per day, some
22 percent of the world’s oil, first reach-
es the surface at wellheads on structures
surrounded by water, many of them out
of sight of land. Some of the earliest
platforms were erected in fairly shallow
waters, such as those of the Gulf of
Mexico, or in lakes, such as Lake Mar-
acaibo in Venezuela, where the techni-
cal problems were modest. With the dis-
covery of the great oil fields under
the North Sea, between Britain and the
Continent, however, platforms have had
to be anchored on sea floors 500 feet
below the surface and designed to with-
stand the impact of waves 100 feet high.

Last year one of these great plat-
forms, with an overall height of 890
feet and a total displacement of 899,000
tons, became the heaviest object ever
moved by man. Named the Statfjord B
platform, it rests in water 472 feet deep
100 miles off the coast of Norway. Later
this year the first of 32 wells will be
drilled from the structure to tap a reser-
voir expected to yield 150,000 barrels of
oil per day. It is estimated that the fin-
ished platform will have cost its owners
(principally Statoil, the Norwegian na-
tional oil company) $1.8 billion. To help
build such immense structures semisub-
mersible derrick barges have been de-
veloped that are able to lift 5,000 tons,
the weight of two World War II destroy-
ers, nearly 200 feet above the water and
to do so in the open ocean.

As examples of the innovative tech-
nology that is making it possible to erect
platforms in hostile marine environ-
ments in even deeper water I shall de-
scribe the Statfjord B platform in some
detail, along with the design of three

other types of structure that are extend- *

by Fred S. Ellers

ing the ability of the oil industry to tap
new submarine resources. The three
other platforms I shall describe are the
Magnus platform in the British sector
of the North Sea, the Hutton platform,
also in the British sector, and the Block
280 platform in the Gulf of Mexico. The
Magnus platform, the most convention-
al of the four, will rest on four steel col-
umns held on the sea floor by piles. The
buoyant Hutton platform will be held
down by vertical steel tubes at each cor-
ner, which will remain in tension un-
der all weather and operating condi-
tions. The Block 280 platform can be de-
scribed as a guyed tower: a slender steel
frame held upright in water 1,000 feet
deep by a spokelike array of 20 anchor
cables. Statfjord B will be operational
this month; the other three platforms are
scheduled for installation over the next
two years.

he search for offshore oil and gas

in deep water at the four platform
sites was first undertaken with tempo-
rary floating drilling rigs: either drill-
ing vessels or semisubmersible drilling
rigs. After economically significant res-
ervoirs were found oil companies were
faced with the problem of designing
permanent platforms to optimize the re-
covery of oil and gas over the economic
lifetime of the reserve, in many instan-
ces 20 years or more. From such perma-
nent structures wells can be drilled at
various angles to the vertical to tap the
reservoir over an underground area of
nearly four square miles. Depending
on the tightness of the oil-bearing rocks,
more than 30 wells can be drilled for the
production of oil and gas from a single
platform. Additional wells can also be
drilled to reinject gas associated with oil
production and to inject water in order
to maintain the pressure of the reservoir.
Offshore platforms consist broadly
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of two components: (1) the drilling and
operating facilities, often identified as
the topsides, and (2) the supporting
structure and its foundations. Included
in the topside plant are drilling rigs, oil-
and gas-processing equipment, transpor-
tation pumps, and utilities and living
quarters for as many as 300 workers.
All the major platforms now have a land-
ing pad for helicopters. After the oil is
processed it is either pumped directly
ashore through a submarine pipeline or
stored until it can be transferred to tank-
ers. In the latter case sufficient storage is
usually provided for the tankers to be
loaded intermittently without the need
to curtail the flow from the wells.

Topside facilities for the four plat-
forms I have chosen to describe weigh
from 16,000 to 40,000 tons and have
a total floor space of from 75,000 to
400,000 square feet, much of it dedicat-
ed to crew quarters. These massive su-
perstructures must be positioned above
the crest of the highest wave expected to
come once in 100 years. For the North
Sea this calls for positioning the bottom
of the lowest deck at least 80 feet above
mean water level.

The second component of an offshore
platform, and the one that has elicit-
ed the most ingenuity, is the supporting
structure. Such structures must secure
the topside facilities against the assault
of winds, waves, currents and in some
instances seismic disturbances. The
main environmental forces that need to
be taken into account are in almost ev-
ery case those that result from wave im-
pact. (A notable exception is structures
that must be built along the West Coast
of the U.S., where seismic forces are the
major concern.) In establishing the de-
sign two wave conditions are critical.
The first is the maximum wave that
might come as a single event during the
lifetime of the project. This predicted
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wave determines the maximum strength
of the structure. The second condition is
the cumulative effect of several million
waves per year whose period happens to
match the fundamental oscillation fre-
quency of the platform itself. Although
such resonant forces are individually
small, they are amplified dynamically
by the structure and therefore deter-

EIFFEL TOWER
(PARIS)

1,350 FEET

984 FEET —

mine the fatigue lifetimes that must be
designed into the platform.

Finally, the supporting structure must
have a secure foundation. In soft sea-
bottom soils it may be necessary to
drive piles more than 500 feet into the
sea floor before adequate support is
achieved. The overall length of the pile,
including the pile follower between the

WORLD TRADE CENTER TOWER
(NEW YORK)

AT

B R e il

SEA LEVEL

pile and the pile driver above water, can
therefore exceed 1,000 feet and call for
handling hundreds of tons of material in
one continuous assembly.

he first fixed structures for drilling
and production out of sight of land
were installed in 1947 off the coast of
Louisiana. These early platforms con-
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CONCRETE GRAVITY-BASE PLATFORM
(NORWAY)
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FOUR OFFSHORE OIL PLATFORMS are compared schematical-
ly with two onshore structures of comparable height: the Eiffel Tow-
er, completed in 1889, and one of the towers of the World Trade Cen-
ter in New York. From the viewpoint of environmental conditions
the comparison is highly inadequate. Onshore buildings are subject-
ed to lateral forces no greater than heavy winds. The offshore towers
must take the impact of waves as much as 100 feet high. Three of
the offshore platforms are designed for neighboring oil fields in the
North Sea. The Statfjord B platform rests on four massive concrete
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columns with storage tanks at the base. Since it depends solely on
its own mass for stability, it is described as a gravity-base platform.
More than 20 such gravity-base structures have been built since
1970. The base of the Magnus platform, known as a steel-template
jacket, is the heaviest structure of its type yet fabricated: it will weigh
41,000 tons. Two of the platform’s four legs will incorporate flota-
tation chambers, so that later this year the structure can be floated to
its site in the United Kingdom sector of the North Sea, about 250
miles northeast of Scotland and about 25 miles north of Statfjord B.
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sisted of a series of steel frames that
were fabricated on shore, transported to
the site by flat barges and set in place by
derrick barges. They were then pinned
to the sea-bottom soil with piles driven
through steel sleeves that were part of
their structure. Structures pinned to the
bottom in this way became known as
steel-template jackets.

From 1947 until the mid-1970’s virtu-
ally all offshore oil platforms incorpo-
rated steel-template jackets. As con-
struction companies gained experience
they were able to install platforms in
deeper water simply by building larger
jackets. These structures were fabricat-
ed in dock areas accessible to the launch
barges. Before the development of the

North Sea oil fields got under way, by far
the largest concentration of jacket-fab-
rication yards was along the U.S. Gulf
Coast. After each section of the jacket
was assembled as a flat panel at ground
level it was raised to a vertical position
with long-boom crawler cranes that
“walked” in side by side as it was being
raised. The panels were then welded into

MAGNUS
STEEL-TEMPLATE-JACKET PLATFORM
(UK.

HUTTON

(UK.

TENSION-LEG PLATFORM

BLOCK 280
GUYED TOWER (U.S.)

The tower will then be anchored to the bottom by piles. The Hutton
structure, known as a tension-leg platform, will consist of a buoyant
hull tethered to the sea floor by slender steel tubes at its four corners.
The first of its type, the platform will be towed to the Hutton field in
the U.K. sector of the North Sea, about 15 miles southwest of Stat-
fjord B, next year. The fourth of the platforms, also the first of its
type, is the Block 280 “guyed tower.” It is designed for service in the
Gulf of Mexico in water 1,000 feet deep. It will be pinned to the sea
floor by a spokelike array of 20 steel cables, each one more than
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3,000 feet long. The tower and its guys will weigh 43,000 tons, slight-
ly more than the Magnus steel-template jacket and more than four
times as much as the Eiffel Tower. Of the four platforms the Magnus
will be the most expensive, with an estimated cost of about $2.6 bil-
lion, or two and a half times as much as the cost of the entire World
Trade Center complex, consisting of the two 110-story towers and
four smaller buildings. Each of the World Trade Center towers has a
dead weight of 325,000 tons, or only slightly more than a third of the
displacement of the Statfjord B platform when it was being towed.
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a single structure, skidded onto a special
launch barge, transported to the ocean
site and launched over a pair of rocker
arms. The structure was made buoyant
enough to float horizontally with its
top panel at the surface. By controlled
flooding it was rotated to an upright po-
sition, landed on the sea floor and fas-
tened with piling.

The steel-template jacket launched by
barge has many advantages in areas that
have shallow-water coastlines, because
even the largest launch barges have a
modest draft. With careful sea fasten-
ing, which calls for welding the jacket to
the deck of the barge, jackets much larg-
er than their barges were transported
worldwide. Moreover, the most eco-
nomic sites could be chosen for the fab-
rication of the jacket. It could then be
delivered almost anywhere.

One obvious limitation on this meth-
od of platform construction was the
availability of barges big enough to
handle the high overhanging deck loads
when steel-template jackets had to be
transported across the open sea. The
problem did not become pressing, how-
ever, until large oil reservoirs were dis-
covered in the North Sea. By 1972 giant
oil fields with recoverable reserves ex-
ceeding 500 million barrels of crude oil
were being discovered in the Norwegian
and British sectors. The initial reaction
of the industry was simply to extrapo-
late practices developed in the Gulf of
Mexico. It soon became apparent there
were fundamental differences between
the two areas.

Platform technology then took two
paths, a divergence that continues. In
designing platforms for North Ameri-
can conditions one can assume extended
periods of calm for fastening the plat-
form to the sea floor and erecting the
topsides. Moreover, the platforms can
be of modest size, both because the oil
reservoirs are fairly small and because
until recently the price of crude did not
justify large single investments. In de-
signing platforms for the giant North
Sea reservoirs, which lie under waters
where waves measuring 100 feet from
crest to trough are common, major in-
novations were needed.

Hence one of the biggest differences
between the North American and
the North Sea platform technologies
arises from environmental conditions.
In the North Sea as many as 300 work-
ers can be on a single platform with no
safe means of departure once a substan-
tial storm has developed. Indeed, high
winds and seas are so common that all
the platforms in the area are designed
with the expectation that their crews
will ride out the severest storms. In the
Gulf of Mexico, in contrast, hurricanes
are carefully tracked and offshore crews
are removed before the local conditions
become hazardous.

Some 150,000 people are currently
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employed in the design, construction
and management of offshore platforms.
This global effort is guiding annual ex-
penditures of more than $15 billion, and
nearly all estimates of future growth ex-
ceed 20 percent per year. The offshore
industry draws not only on such tradi-
tional specialties as civil, mechanical,
chemical and electrical engineering and
naval architecture but also on such new-
er ones as hydroacoustics, marine geolo-
gy, fracture mechanics and nonlinear in-
elastic structural analysis. One measure
of this technical diversity is the scope of
the annual Offshore Technology Con-
ference, which is sponsored by 11 ma-
jor international engineering and sci-
entific societies with a membership of
more than 400,000 professionals. Some
85,000 attend the annual conferences.
Within the past decade several thousand
technical papers have been published on
topics related to offshore oil platforms.

Three of the four platforms I shall
describe will be installed in the North
Sea almost within sight of one another.
Each platform represents a radically
different design concept, yet all have
similar duty requirements. The environ-
mental conditions are nearly identical
except for water depth and sea-bottom
soils. Broadly speaking, any of the three
designs might have been adapted to
meet the special requirements of any of
the three sites. The particular design in
each case was dictated in large measure
by an initial decision on how the plat-
form was to be fabricated, transported
to the site and anchored to the sea floor.
I shall therefore discuss the three plat-
forms primarily from the viewpoint of
these underlying decisions.

The first of the three projects is the
Magnus platform now being fabricated
for the British sector of the North Sea by
the British Petroleum Company Ltd.
It is the heaviest steel-template-jacket
platform yet conceived and is therefore
an extension of experience gained in this
traditional offshore technology. It will
also be by far the most expensive of the
four projects, with an estimated cost of
$2.6 billion.

The weight of the Magnus steel-tem-
plate jacket, 41,000 tons, exceeds the ca-
pacity of current launch barges, and so it
has been designed with built-in flotation.
Two of the corner legs are much larger
than the other two. Buoyancy compart-
ments built into the oversize legs will
enable the Magnus jacket to float on its
side with a modest draft and with most
of the frame above water. The jacket is
being fabricated on its side in a special
dry dock at Nigg Bay in Scotland, a fa-
cility large enough for the side panels to
be tilted up and welded together in the
usual manner. After the Magnus jacket
is completed the dry dock will be flood-
ed and the completed jacket will be
towed to the Magnus field by an array of
tugs. At the installation site, 240 miles
northeast of the tip of Scotland and the
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most exposed location yet scheduled for
offshore production, the buoyant legs
of the jacket will be flooded, thereby ro-
tating the structure to an upright posi-
tion. The jacket will then be landed on
a “mud mat” (a specially constructed
bottom) that will control its penetration
into the sea floor.

After the platform is landed it will be
leveled and nine primary piles will be
driven at each corner. The piles consist
of sections of steel tubing welded to-
gether. Pile guides are located at regular
intervals on each corner column of the
jacket so that the piles can be driven by a
hammer at the surface rather than one
under water. When a pile is driven from
the surface, there must be a pile follower
between it and the hammer, and the fol-
lower must be added to as the primary
pile is driven into the bottom 300 feet or
so. As the piles are driven they pass
through packing glands that expand and
seal the space between the pile and its
jacket sleeve once the pile has reached
its full depth. Cement grout is then
pumped into the space, completing the
structural connection.

he topside facilities needed for drill-

ing wells, for handling the crude oil
as it is brought to the surface and for
housing a work crew of 200 are being
assembled in the form of 14 modules.
The modules will be barged to the site
and probably set in place by one of sev-
eral North Sea semisubmersible derrick
barges with a capacity of 3,000 tons.
Some of the modules will weigh more
than 2,000 tons and must be landed ex-
actly in position 150 feet above the wa-
ter. Starting with the conceptual phase
and continuing through the project
schedule, rigid controls on weight and
size are needed to ensure that the mod-
ules are emplaced safely and quickly.

One might assume that lifting a 2,000-
ton module with a derrick whose rated
capacity is 3,000 tons leaves capacity to
spare, but such is not the case. Derricks
and cranes are rated with their boom in
a high position, and the boom is not in
such a position when modules are being
set in the center of the topside deck.
Moreover, generous allowance must be
made for unscheduled changes in the
declared module weight and for vari-
ous contingencies that may jeopardize
the lifting operation. Since the topside
structures must be emplaced in reason-
ably calm seas, the Magnus operation
was scheduled for a specific weather
“window” some four years in advance.
That scheduling is an absolute con-
straint on the entire project.

After the modules are set in place mil-
lions of offshore man-hours are still re-
quired for hookup and commissioning
before drilling can start. The manpower
needed for such activities far exceeds
the capacity of the living quarters being
put on the platform for the operating
and maintenance staff of 200. Supple-
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MAJOR OIL FIELDS IN THE NORTH SEA lie in sectors assigned
to two countries: the U.K. and Norway. Gas was discovered in the
U.K. sector as early as 1965. The first major oil reservoir was discov-
ered four years later at Ekofisk in the Norwegian sector. By 1972 gi-
ant oil fields with recoverable reserves of more than 500 million bar-
rels had been identified in both the Norwegian and the U.K. sectors.
Denmark also has two small fields. Oil is currently flowing from 21
of the 27 fields named on this map at a rate of more than 2.4 million

barrels per day. The three fields whose platform designs are depicted
in the illustration on pages 40 and 41 are within less than 25 miles
of one another near 61 degrees north latitude on the boundary be-
tween the U.K. and the Norwegian sectors. Of the three the Stat-
fjord field was the first to be brought into production (in November,
1979) from a smaller prototype of the Statfjord B platform. The
platform for the Magnus field is scheduled to be producing by next
year. The Hutton tension-leg platform should be producing by 1984.
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HUTTON TENSION-LEG PLATFORM illustrates the complexi-
ty common to all large offshore oil structures. The topside facilities
rest on a buoyant hull designed to yield with the waves. The hull is
held down by four groups of highly tensioned tubular-steel tethers
anchored to the sea floor by preset foundations at each corner. The
tethers pull the hull down so that they will never go slack even in
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the trough of the maximum expected wave. After the platform is in
place wells will be drilled through conductors that will guide the drill
pipe through a drilling template on the sea floor. In the heaviest seas
the platform may swing as much as 79 feet from the vertical but will
at the same time remain level. The Hutton platform is being devel-
oped by Conoco, a division of E. I. du Pont de Nemours & Company,
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mental housing will be supplied by one
or more “flotels” moored alongside the
platform. Flotels are generally created
by fitting out semisubmersible drilling-
rig hulls with living quarters, shops and
related facilities. They will be moored
close enough to the Magnus platform
for it to be reached by gangway.

After the Magnus hookup phase is
essentially complete 15 wells will be
drilled from the platform. By drilling
wells at angles of as much as 55 degrees
from the vertical it will be possible to
tap parts of the reservoir that lie almost
two miles from the platform. Before the
platform is in place six vertical wells
will be drilled into the underground oil
pool at points too far from the platform
site to be reached by directional drilling.
These wells will be hooked up to the
platform by submarine pipelines. Mag-
nus will be in full production in 1985,
about 12 years after the discovery of the
oil-field. It may well represent the ulti-
mate development of the steel-jacket-
platform technology. For many years
thereafter it may also remain the most
costly offshore oil platform ever built.
The capital cost per daily barrel of pro-
duction will probably exceed $20,000,
or as much as 40 times the capital cost
for onshore production facilities in the
Middle East.

he second offshore structure I shall

describe, Statfjord B, is the most ad-
vanced concrete platform yet construct-
ed. More than 20 such ‘“gravity base”
structures have been built by Norwe-
gian, British and French contractors in
the past dozen years. The engineering
manager of the current project is the
Mobil Oil Corporation, which owns a
minority share in the giant Statfjord oil
field. Some engineers who were original-
ly skeptical of this new technology now
concede that the concrete platform has
demonstrated important virtues for
North Sea conditions.

The base of Statfjord B consists of
24 cells in a honeycomb configuration.
Each cell is 66 feet across and has walls
three feet thick. Construction of the
base was begun in a large dry dock at
Stavanger, a port on the Stavanger-
fjord in Norway. When the foundation
cells were advanced to the point where
they were both buoyant and structurally
competent, the dry-dock area was flood-
ed and the partially completed base was
moved to sheltered deep water. There
the job was completed with the aid of a
floating concrete plant. Twenty of the
cells were domed over; four were slip-
formed upward to create the platform
columns. As the construction proceeded
the platform was gradually submerged
in order to keep the floating concrete
plant at the most efficient level with re-
spect to the work being done.

The domed cells at the base of Stat-
fjord B will serve for the storage of
crude oil and diesel fuel. Access to the

cells is provided by pumps and piping
housed in one of the four columns. Two
of the other columns will serve as the
conductors through which the wells will
be drilled; the fourth column will be giv-
en over to various nonhazardous func-
tions. All the columns except the one
set aside for pumps and piping will be
flooded after installation. Gravity-base
structures are designed to remain up-
right during transit offshore. This makes
it possible to install the topside facilities
in sheltered waters before the platform
is towed to sea.

While the concrete base of Statfjord
B was still under construction the top-
side facilities, ultimately weighing 41,-
000 tons, were being assembled at a
nearby shipyard. The various compo-
nents were built on skids and integrated
into a massive steel structure that even-
tually would be placed on the concrete
base. At this stage the supporting frame,
weighing 7,000 tons, rested on four
mockup columns set in shallow water
adjacent to the shipyard. Subsequently
drilling modules were installed on top of
the frame, and living quarters (eight sto-
ries high to accommodate a crew of 200)
were set up on the side of the platform
farthest from hazardous areas. Further
protection was afforded by erecting fire
and blast walls between the living quar-
ters and the production facilities. As a
result Statfjord B is an exceptionally
safe installation.

After the topsides of Statfjord B were
finished early last year four heavily bal-
lasted North Sea barges were moved un-
der the support frame. When the ballast
was removed, the barges lifted the entire
topside installation as a unit. The assem-
bly was then towed to a deep-water site
in Stavangerfjord to which the base had
been towed and where it had been sub-
merged until the columns were the same
height above the water as the mockup
columns. The mating of the two struc-
tures was achieved by maneuvering the
topsides into position over the four col-
umns of the base. Ballast was then re-
moved from the base until it could bear
the weight of its 41,000-ton burden. The
two major components were connected
with post-tensioned rods and grouted
into a monolithic structure.

In August of last year five of the
world’s largest tugs towed the 899,000-
ton Statfjord B 230 miles at a speed of
1.7 knots, hugging the Norwegian coast
as long as possible, to its final destina-
tion in the North Sea. There the plat-
form was landed on a preleveled site 472
feet below the surface and installation
was completed without relying on pil-
ing. As the weight of the great structure
was transferred to the sea bottom it re-
leased water in the underlying soil. This
free water was then drained by shallow
wells drilled from the bottom of the util-
ity shaft. Such drainage also helps to en-
sure that the soil will not liquefy when
storm waves cause the tower to heel
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slightly and increase the loading on the
perimeter of the foundation.

It is clear that a platform such as Stat-
fjord B could only be built in certain
parts of the world. Without sheltered
deep water it would not have been eco-
nomically feasible to construct such a
massive concrete gravity base. It was the
juxtaposition of the Norwegian fjords
and an industrial center with highly de-
veloped skills in the design and fabrica-
tion of concrete marine structures that
made the project possible.

The concrete base was designed to ac-
cept and transport the completed top-
sides as a unit, which was possible only
if the base could remain in an upright
position. The sea-bottom soils were such
that they could sustain the weight of the
platform without deep piling. Having
space in the base cells for the storage of
oil from the wells also provided surge
capacity. Hence the oil could be shipped
off by tanker, which made it unneces-
sary to lay a pipeline to the Norwegian
coast. If any of these conditions had not
obtained, Statfjord B might well have
had a different configuration.

he third project of advanced design
is the tension-leg platform (TLP).
Whereas steel-template platforms and
concrete gravity-base platforms are re-
garded as fixed structures, the tension-
leg platform is a compliant structure: it
has the ability to yield to the waves in
a controlled manner. Tension-leg plat-
forms have two main structural ele-
ments: a floating hull similar to a semi-
submersible drilling rig but much larger,
and an array of highly tensioned vertical
tethers at each corner. The tethers, fash-
ioned out of high-tensile-strength steel
tubes, pull the floating hull down so far
that they never go slack even in the
trough of the maximum wave estimated
to come once every 100 years. Although
the tether system allows a degree of lat-
eral motion, it prevents the heave, or
vertical motion, associated with free-
floating craft such as drilling vessels.
The floating hull must be designed
with a careful balance between buoyan-
cy and freeboard (the part of the hull
above water) in order to handle extreme
troughs as well as maximum crests.
The great advantage of tension-leg plat-
forms is their relative insensitivity to the
increase of cost with the increase in the
depth of the water: other things being
equal, only the tethers need to be length-
ened. As the offshore industry sensed
that it was reaching the economic depth
limits for fixed structures its attention
shifted toward compliant structures and
particularly to the TLP. A secondary
but important economic advantage of
the TLP is that it can be untethered and
anchored at a new site. At the Offshore
Technology Conference of last year
many more technical papers were con-
cerned with TLP’s than were concerned
with any other innovative design.
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The Hutton platform, being devel-
oped and built by Conoco, Inc, for the
British sector of the North Sea, is the
first commercial tension-leg platform.
Like the concrete gravity-base cells, the
TLP hull is constructed in a large dry
dock and moved to a deep-water mating
site, where it can be submerged to re-
ceive its topsides. After mating, the hull
and topside assembly is towed to the in-
stallation site, submerged to allow its
tethers to be connected to preset foun-
dations and deballasted to tension the
tethers. The dynamic response of a ten-
sion-leg platform can be likened to that
of an inverted pendulum except that the
platform is held level by the panto-
graphlike configuration of its tethers. In
the heaviest seas the Hutton platform,
riding in 485 feet of water, is designed to
swing as much as 79 feet from the verti-
cal and so to diminish wave impact.

Before the Hutton platform is in-
stalled a drilling template will be em-
placed on the sea floor within the perim-
eter of the tether foundations. A semi-
submersible drilling rig will then pre-
drill 13 directional wells, which can be
connected to the topside piping when
the platform arrives. In this way produc-
tion can start much earlier than it would
if all 24 of the projected wells had to be
drilled after the platform was in place.

The TLP design was selected for the
Hutton platform for three reasons.
First, the lifetime of this particular field
is expected to be shorter than that of
other fields in the North Sea, so that a
reusable platform has an extra advan-
tage over a fixed structure. Second, the
field happens to be one where little gas is
released as the oil pressure in the field is
reduced. As a result there will be no
need to inject gas back into the field as
oil is withdrawn, an operation that adds
considerably to the weight the platform
must carry. Third, the estimated cost of
the tension-leg platform was essentially
the same as the cost of a steel-template
platform. For these reasons the spon-
sors concluded that the novel TLP de-
sign merited a demanding test. If the
Hutton platform can prove its worth in
the rigorous environment of the North
Sea, much valuable information will be
gained for future installations world-
wide. The Hutton project may therefore
be a milestone in the development of
offshore platforms.

he last of the advanced platforms I

shall describe is the guyed tower be-
ing developed by the Exxon Corpora-
tion for Block 280 in the Mississippi
Canyon section of the Gulf of Mexico.
Although it will be the least expensive
of the four platforms, with an estimat-
ed cost of about $800 million, it will
have by far the highest unit cost: about
$32,000 per daily barrel of production.
The chief problem facing Exxon was the
sheer depth of water at the intended site:
1,000 feet. Moreover, the platform had
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METHODS OF CONSTRUCTION AND EMPLACEMENT of the four different offshore
platforms are depicted schematically. The design of the Statfjord B platform is in some ways
the boldest. After the concrete base had been well started it was floated into Stavangerfjord,
where the four concrete columns were lengthened by pouring concrete into slip forms from a
floating concrete plant. Simultaneously the topside facilities were built on a temporary base
and were floated into place over the submerged columns. The integrated structure was then
towed some 230 miles to a prepared site in the Statfjord oil field. The steel-template jacket sup-
porting the Magnus platform is now nearing completion in a dry dock at Nigg Bay, Scotland.
Flotation compartments in two of the structure’s four legs will provide enough buoyancy for
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the 41,000-ton tower to float while it is being towed this summer to
the Magnus field, the most northerly location of the North Sea yet de-
veloped. The tower will be anchored to the sea floor by steel-tube piles
driven to a depth of 300 feet. The extensive topside facilities will
then be lifted onto the tower by semisubmersible derrick barges. The
hull of the Hutton tension-leg platform is also under construction in
a dry dock at Nigg Bay. When the hull has been floated into deep wa-
ter and partially submerged, the topsides will be barged into place as
a single unit. The completed platform will then be towed to the Hut-

ton field, within sight of Statfjord B, and tethered to its prepared
foundations. Fabrication of the Block 280 guyed tower is proceed-
ing at Corpus Christi, Tex. Later this year the tower will be barged
500 miles to a site in the Gulf of Mexico, where it will be launched
over the side of the barge. The tower will be sufficiently buoyant for it
to float low in the water. By controlled flooding it will be rotated to a
vertical position and brought to rest on the sea floor. The array of 20
radiating cables will be fastened to the tower to hold it in place. After
foundation pilings aredriventopside facilities can beraised into place.
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BLOCK 280
STATFJORD B MAGNUS HUTTON | (MISSISSIPPI
. CANYON)
| GULF OF
NORTH SEA | NORTH SEA | NORTH SEA
LOCATION (NORWAY) (UK) (UK) MEXICO
(U.S.)
CONCRETE |STEEL JACKET| TENSION GUYED
STRUCTURE J GRAVITY AND PILING LEG TOWER
TYPE FIXED FIXED COMPLIANT | COMPLIANT
WATER DEPTH (FEET) 472 611 485 1,000
100-YEAR WAVE (FEET) 100 102 98 72
PRODUCTION
(BARRELS PER DAY) 150,000 120,000 110,000 25,000
INITIAL PRODUCTION (YEAR) 1982 1983 1984 1984
MAXIMUM DECK OFFSET ) '
APPROXIMATE TOTAL COST
(BILLIONS) $1.8 $2.6 $1.3 $.8
COST PER BARREL-DAY $12,000 $21,700 $11,800 $32,000
BRITISH
PROJECT MANAGEMENT MOBIL PETROLEUM | CONOCO EXXON

MAIN CHARACTERISTICS of the four offshore oil platforms illustrated on pages 32 and
33 are summarized, together with the estimated costs and the names of the project managers.
A fundamental difference in design distinguishes the Statfjord B and Magnus structures from
the Hutton and Block 280 ones. The first two are rigidly fixed to the sea floor, so that the
maximum deck displacement in the heaviest seas will be limited to a few feet. The other two
platforms are compliant, designed to yield far more to waves or strong currents. Capital invest-
ments as high as $32,000 per barrel-day can be justified now that oil has risen to $34 per barrel.

to be capable of supporting substantial
deck loads in order to provide for the
development of up to 58 wells. Like the
Hutton platform, the guyed tower is a
compliant structure. It will consist of a
slender steel tower of square cross sec-
tion, measuring 120 feet on a side. The
tower will be held upright by a radial
array of 20 anchor cables, each one
about 3,400 feet long. Some 1,800 feet
from the tower a 180-ton weight will be
attached to each cable. Under normal
sea conditions these ‘“clump” weights
will rest on the bottom and keep the ca-
bles taut. Under extreme storm condi-
tions the weights will gradually lift and
allow the tower to tilt; the design al-
lows for a maximum departure from
the vertical of 39 feet at deck level.
At that departure the deck will slope no
more than two degrees.

The total weight of the tower and its
guys is estimated to be about 43,000
tons, which is comparable to the weight
of the Magnusplatform. The topside fa-
cilities will be emplaced on three decks
with a combined area of 75,000 square
feet. The guy-wire array will cover an
area of more than a square mile, but
even where the guys are attached to the
tower they will be submerged sufficient-
ly to clear surface craft.

I noted at the beginning of this article
that the fatigue lifetime of submerged
structures is strongly influenced by the
number of waves per year whose period
happens to coincide with the platform’s
natural frequency. An important advan-
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tage of the guyed tower over the steel-
template-jacket platform is that where
a submerged tower 1,000 feet high will
have a natural period of about 30 sec-
onds, a submerged steel-template-jacket
structure of the same dimensions will
have a natural period of five seconds. A
structure with a natural frequency of
five seconds would resonate with many
more waves per year in the Gulf of Mex-
ico than a structure with a much longer
natural frequency would. With a natural
frequency of 30 seconds the guyed tow-
er will jump over the highest-energy
band of the wave spectrum.

Exxon’s guyed tower will be assem-
bled in a tidewater fabrication yard at
Corpus Christi, Tex., with the tilt-up
techniques perfected over many years
for the building of steel-template-jacket
platforms. When the tower framework
is completed, it will be skidded onto a
long barge and transported to the site.
There the tower will be launched over
the side of the barge in order to mini-
mize launching stresses. Ordinarily a
steel-template jacket is launched over
the end of the barge, a procedure that
often creates stresses higher than any ex-
erted when the platform is in service.
The tower will have enough buoyancy
to float with only its top panel above
water. By means of controlled flooding
the tower will then be rotated to a verti-
cal position.

Before the tower arrives at Block 280,
65 miles southeast of Grand Isle, La., 20
piles will have been driven 150 feet into
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the sea floor as anchors for the guy
wires. In addition a sea-floor drilling
template will have been installed near
the base of the tower. With the drilling
template as a guide, the tower will be
landed on a mud mat and eight founda-
tion piles will be driven from the deck
level 560 feet into the bottom.

In view of the great cost of the offshore
oil platforms I have been describing,
a cost equal to or exceeding that of a
large nuclear power plant or an entire
oil refinery, it is apparent that the off-
shore-platform industry has compelling
reasons to rely on well-tested designs.
On the other hand, the industry is steadi-
ly confronted with environmental con-
ditions going beyond its experience. In
addition to the four designs I have de-
scribed many hybrid designs combining
steel and concrete in ingenious mar-
riages of fixed, compliant and floating
configurations have been examined. Al-
though some of these concepts have
been applied in special situations, they
do not seem likely to have a major influ-
ence on the design of future offshore
structures.

One region where new platform con-
cepts are badly needed is the Arctic,
where sea ice and icebergs present novel
forces of great magnitude. For example,
on the North Slope of Alaska oil compa-
nies have experimented with gravel plat-
forms built up in water as much as 65
feet deep. Such platforms have worked
quite successfully for exploration wells.
They can resist the sea ice for a few
years but do not seem to be the answer
for permanent installations.

In the deeper open Arctic seas ice-
bergs introduce a more capricious type
of elemental force. It now appears that
small icebergs, which can be moved vio-
lently by storm swells, are a greater
menace than large icebergs, which can
move only as fast as an ocean current
can carry them. For dealing with the ice-
berg hazard there seem to be three main
options: concrete structures, which by
their sheer mass can absorb the impact
of an iceberg, tension-leg platforms de-
signed to break loose under heavy im-
pact and wells embedded in the sea floor
coupled to floating production systems.
The industry will probably be experi-
menting with all three systems in the
near future.

Turning from the physical installa-
tions to the groups of people who cre-
ate them, one encounters a number of
things not characteristic of other ar-
eas of engineering. Major offshore-plat-
form projects go through eight readily
identifiable phases from the discovery
of oil to its production, a development
period that lasts for five to 14 years.
These eight phases can be consolidated
into two basic stages: planning and ex-
ecution. Substantially different techni-
cal skills and attitudes are required for
optimum performance at each stage,



yet continuity of effort between the two
stages is of critical importance.

The first stage, deciding what should
be built, is a period of intense investiga-
tion, drawing on the best experience of a
rapidly developing industry. The inves-
tigation must be exhaustive and carried
out with a completely open mind, un-
cluttered by proprietary considerations.
Properly executed, the effort results in
agreement between the project team and
senior management on the basic duty
requirements of the offshore platform
and in key technical decisions on design
and construction methods, schedules
and costs. As a rule of thumb about 85
percent of the decisions that determine a
project’s final cost can be made at this
stage. The result can best be visualized
as an encyclopedia encompassing every
significant aspect of the project but lack-
ing the underlying detail. This docu-
ment (which I prefer to call a project
manual), with the transfer of key partici-
pants, constitutes the necessary bridge
to the second stage.

he second stage in the execution of

the project is concerned with de-
tailed design, procurement, fabrication
and installation. It is at this stage, af-
ter the major commitments have been
made, that the offshore-platform indus-
try has encountered its biggest prob-
lems. Consider that only 10 years have
elapsed since the first giant oil fields
were discovered in the North Sea. In
that time the price of oil has jumped
from about $2 per barrel to $34. Infla-
tion has soared worldwide. Tax struc-
tures have been continually modified.
Regulatory requirements have become
increasingly strict. Meanwhile the in-
dustry has had to absorb scores of tech-
nological advances. The rate of change
has far exceeded anything previously
known in the petroleum industry.

It is obvious that however well an
original plan is made, it will have to be
modified almost immediately to meet
unanticipated challenges, technical, fi-
nancial and political. It is in this diffi-
cult period, stretching over five to seven
years, that final costs can balloon astro-
nomically unless the decision making
and project discipline are of high quali-
ty. There is a constant battle between
those who seek perfection in detail by
trying to incorporate the latest tech-
nology and those who try to balance
such benefits against their less obvious
unwanted side effects. Experience has

shown that there is relatively little toler- -

ance for change in this second period.
Looking ahead, of all the structures
being developed for offshore oil fields
the tension-leg platform seems to have
the brightest future in very deep water.
Since the design can also be applied over
a wide range of water depths, it seems
to hold greater promise for standardi-
zation than any other type. Since it is
a compliant structure, the tension-leg

platform is not affected by seismic ac-
tivity. Perhaps its only weakness arises
from its having to be buoyant under
all weather conditions, which somewhat
limits its deck-load capacity. The design
of tension-leg platforms, like the design
of guyed towers, is still at the toe of the
learning curve and will undoubtedly go
through several generations of improve-
ment in the near future. In arctic areas,
subject always to the availability of ap-
propriate sea-bottom soils, gravity-base
structures with deeply penetrating steel
skirts may have the strength and shear
resistance that will be needed to offset
the massive onslaughts of sea ice, ice
ridges and icebergs.

INCREASING
WAVE ENERGY
—

\NCREASING
WAVE ENERGY

In parallel with the development of
platform structures is a trend toward
greater reliance on related undersea in-
stallations. One example is the six un-
dersea wells that will be tied into the
Magnus platform. Another is the under-
sea drilling template under the Hutton
platform, which will be used to predrill
wells. This trend will almost certainly
continue as more experience is gained
with undersea facilities. Nevertheless,
the number of air-breathing compo-
nents, human and mechanical, essential
for offshore drilling and production ac-
tivities guarantees that facilities above
the surface will continue to play a key
role.
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SEA-SPECTRUM DIAGRAMS show the important relation between sea energy and the fun-
damental vibrational period of offshore oil platforms of different designs. The design must
withstand not only the impact of the largest wave expected as a single event over the lifetime of
the structure but also the cumulative effect of several million waves per year with a period
matching the fundamental period of the tower. Offshore structures are designed to have peri-
ods that fall outside the high-energy region of the wave-energy spectrum. If this were not done,
dynamic amplification would result in a very short fatigue lifetime. The upper spectrum is
based on conditions in the Gulf of Mexico, where the Block 280 guyed tower will be emplaced.
The lower spectrum reflects typical conditions in the North Sea. These “blanket” diagrams are
prepared by transforming complex records of random waves into a great number of simple reg-
ular waves of small amplitude and random phase. “Significant waves” are an average of the
highest third of the waves in any given sea state. Thus they are much less than the maxi-
mum wave that is expected to occur in the same sea. In these diagrams a 60-foot significant
wave can be interpreted as a 100-foot maximum wave. The computer-generated graphic dis-
plays were prepared by Ross Cowan of International Software Services of San Mateo, Calif.
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Nutrients That Modity
Brain Function

They are the precursors of neurotransmitter molecules. Increasing

their level in the brain amplifies signals from some nerve cells.

In effect they act like drugs, and one day they may serve as drugs

nutrient is different from a drug,
most people would agree. A nu-
trient is a food substance that in
most cases supplies either the energy or
the molecular building blocks the body
requires. A drug is a substance given for
its effect on a specific organ or type of
cell. Whereas all healthy people need
essentially the same nutrients, a drug
would ordinarily be recommended only
for people with a particular disease or
condition. In this article I shall tell about
three nutrients that, when they are ad-
ministered in the pure form or simply
ingested in food, can act like drugs.
They give rise to important changes
in the chemical composition of struc-
tures in the brain. The changes can mod-
ify brain function, particularly in peo-
ple with certain metabolic or neurolog-
ic diseases.

Two of the nutrients are the amino
acids tryptophan and tyrosine. Amino
acids are the building blocks of pro-
teins, and so tryptophan and tyrosine
are present in most foods. The third nu-
trient is choline, a component of leci-
thin; egg yolks, liver and soybeans are
notably rich in lecithin. The composi-
tion and function of the brain can be
altered by tryptophan, tyrosine and cho-
line because they are the precursors
of neurotransmitters: substances that
are released from a neuron, or nerve
cell, when it fires. The neurotransmit-
ter thereby conveys the nerve impulse
across a synapse to either another neu-
ron, a muscle cell or a secretory cell.
Tryptophan is converted in the termi-
nals of certain neurons into the neu-
rotransmitter serotonin. In other cells
choline is converted into the transmit-
ter acetylcholine. In still another popu-
lation of cells tyrosine serves as the
precursor of dopamine, norepinephrine
and epinephrine, which are collectively
called the catecholamine transmitters.
An increase in the brain level of a pre-
cursor enhances the synthesis of the
corresponding neurotransmitter prod-
uct. The enhanced synthesis can in turn
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by Richard J. Wurtman

cause the neuron to release more trans-
mitter molecules when it fires, amplify-
ing the transmission of signals from
the neuron to the cells it innervates.

My associates and I at the Massachu-
setts Institute of Technology and other
investigators have been exploring the in-
teractions that relate the amount of a
nutrient administered or ingested to its
level in the blood plasma, its level in the
brain and its effect on nerve transmis-
sion. The interactions are not simple.
The conversion of tryptophan into sero-
tonin is influenced by the proportion of
carbohydrate in the diet; the synthesis
of serotonin in turn affects the propor-
tion of carbohydrate an individual sub-
sequently chooses to eat. In the case of
choline and tyrosine the effect on a neu-
ron of an increased supply of the nutri-
ent both varies with the neuron’s firing
frequency and can lead to changes in
that frequency. Choline and tyrosine
can therefore amplify neurotransmis-
sion selectively, increasing it at some
synapses but not at others. It may be
possible to exploit such selectivity to
develop novel therapeutic agents for
several diseases, including hyperten-
sion, some forms of depression, Par-
kinsonism and some memory disorders
of old people.

he observations relating nutrient in-

take to neurotransmission originat-
ed in studies of a phenomenon seeming-
ly unrelated to the brain: daily rhythms
in the metabolism of dietary amino ac-
ids. When people eat, the concentration
in their blood plasma of most amino
acids (and of other food constituents)
changes predictably in ways that depend
on what foods are eaten. For people
who take their meals at the usual times
plasma amino acid levels generally ex-
hibit pronounced daily rhythms. For
example, among people consuming the
high-protein diet typical of the U.S. the
plasma concentration of the amino acid
leucine is twice as high between 3:00
P.M. and 3:00 A.M. as it is during the rest
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of the day. If the same people eat pro-
tein-free meals, the leucine level instead
falls by half during these hours of active
digestion and absorption. In the first
case the increase represents the entry
into the bloodstream of some of the leu-
cine in the dietary protein. In the second
case the decrease results from the secre-
tion of insulin (induced by ingested car-
bohydrate), which accelerates the pas-
sage of leucine and most other amino
acids from the circulation into skeletal
muscle.

My associates and I discovered these
rhythmic, food-induced variations in
the plasma level of various nutrients
about a decade ago. We wondered
whether the changes might have any
functional significance. In particular we
wondered whether the fluctuations in
the concentration of circulating nutri-
ents had any effect on the rate at which
the nutrients are converted into cellular
constituents. In order for changes in the
level of a nutrient to influence the rate of
conversion, the enzyme catalyzing the
conversion must have a certain proper-
ty. The enzyme’s ability to bind the nu-
trient preparatory to changing its chemi-
cal structure must be relatively poor, so
that at the usual nutrient concentrations
each enzyme molecule is less than fully
saturated with the nutrient and func-
tions at less than peak efficiency. In this
situation the quantity of the nutrient
available to the enzyme is the rate-limit-
ing element in the reaction, and so an
increase in the nutrient’s concentration
increases the level of enzyme activity:
more of the nutrient is converted and
more of the product is formed.

We knew that tryptophan is converted
into serotonin by just such a low-affinity
enzyme. The release of serotonin by
neurons originating in the brain stem
delivers signals to widely scattered
groups of neurons that control such
things as sleep, mood and appetite. Oth-
er investigators had already shown that
the concentration of serotonin in the
brain can be increased by giving experi-



mental animals very large doses of pure
tryptophan. John D. Fernstrom and I
decided to examine the possibility that
normal daily variations in the plasma
concentration of tryptophan might be
enough to alter the rate of serotoninsyn-
thesis in the rat brain. We found that
even low doses of tryptophan, which
raise the plasma concentration of the
amino acid but keep it within the nor-
mal daily range we had previously es-
tablished, did indeed enhance serotonin
synthesis.

To see whether a reduction in plasma
tryptophan had the opposite effect we
injected some rats with insulin and gave
others a diet of carbohydrates, which in-
duces the secretion of insulin. We ex-
pected that the hormone would reduce
the plasma level of tryptophan as it does
that of other amino acids by moving
them out of the bloodstream and into
skeletal muscle. To our surprise the in-
sulin did not lower the tryptophan con-
centration in the plasma, and it actually
raised the concentration in the brain, in-
creasing serotonin synthesis instead of
reducing it. Feeding the animals large
amounts of protein brought another sur-
prise: even though amino acids were
plentiful in the diet, both the brain con-
centration of tryptophan and the synthe-
sis of serotonin were reduced.

he apparent paradoxes were re-
solved when we found that the
amount of tryptophan available in the
brain for conversion into serotonin de-
pends not only on the amount of trypto-
phan in the plasma but also on the ratio
of plasma tryptophan to the plasma lev-
el of five other amino acids: tyrosine,
phenylalanine, leucine, isoleucine and
valine. All six of these amino acids are
comparatively large molecules, and in
a physiological environment most of
them are electrically neutral, with about

as much positive charge as negative.
It is very difficult for large, water-sol-

SYNTHESIS OF SEROTONIN, a neuro-
transmitter, is greatly increased by the admin-
istration of the nutrient that is its precursor:
the amino acid tryptophan. These photomi-
crographs, made by George K. Aghajanian
of the Yale University School of Medicine,
show neurons (nerve cells) in the dorsal raphe
nucleus of the rat, one of the structures where
most of the brain’s serotonin is synthesized
and stored. Thin brain-tissue sections were
treated with formaldehyde, which reacts with
serotonin to form a greenish yellow fluores-
cent compound. In the control section (upper
photograph) faint fluorescence reveals the
presence of serotonin in the cytoplasm of the
cell bodies and along the axons, or nerve fi-
bers. The other section (lower photograph) is
from the brain of an animal that was injected
with a large dose of tryptophan an hour be-
fore the tissue sample was taken. There is a
dramatic increase in the level of fluorescence,
reflecting an increased synthesis of serotonin
in the presence of the additional precursor.
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uble molecules to diffuse out of the cap-
illaries of the brain and gain access to
neurons and other brain cells. Their pas-
sage between the blood and the brain is
facilitated by carrier molecules present
in the endothelial cells lining brain cap-
illaries. A single species of carrier mole-
cule transports all six of the large, neu-
tral amino acids across the blood-brain
barrier; the amino acids compete with

TRYPTOPHAN

TRYPTOPHAN
HYDROXYLASE

5-HYDROXYTRYPTOPHAN

one another for attachment to the carri-
er and hence for uptake from the blood-
stream into the brain. There is far less
tryptophan in most proteins than there
is tyrosine, phenylalanine, leucine, iso-
leucine or valine. A high-protein meal
therefore reduces the plasma ratio of
tryptophan to the competing amino ac-
ids; less tryptophan is carried across the
barrier and less reaches the neurons.

TYROSINE

A high-carbohydrate meal has the op-
posite effect because the insulin secreted
in response to carbohydrate intake re-
duces the plasma level of the compet-
ing amino acids more than it does that
of tryptophan. Whereas the other amino
acids circulate as free molecules, most
of the tryptophan is bound to the plasma
protein albumin; segregated in an albu-
min reservoir, the tryptophan is essen-
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CHEMICAL STRUCTURE of three nutrients and the paths by
which they are converted into neurotransmitters are shown. Trypto-
phan is converted into serotonin in two steps. The three catechol-
amine transmitters, dopamine, norepinephrine and epinephrine, are
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CHOLINESTERASE

CHOLINE

e

formed in successive steps from another amino acid: tyrosine. The
food substance lecithin provides choline, the precursor of the trans-
mitter acetylcholine. Unlike other precursors, choline is recycled; it
is regenerated when acetylcholine is broken down by cholinesterase.



tially immune to the effect of insulin.
The result is that after carbohydrates
are eaten the plasma ratio of trypto-
phan to its competitors rises, causing
more tryptophan to reach the neurons
[see “Nutrition and the Brain,” by John
D. Fernstrom and Richard J. Wurtman;
SCIENTIFIC AMERICAN, February, 1974].
We proposed that these interactions
enable the serotonin-releasing neurons
in the brain to serve as sensors of the
plasma tryptophan ratio, which increase
serotonin release after a carbohydrate
meal and reduce it after a high-pro-
tein meal. David Ashley and G. Harvey
Anderson of the University of Toron-
to Faculty of Medicine subsequently
found evidence that the brain exploits
this property of the serotoninergic neu-
rons when an animal chooses one food
in preference to another. In an effort
to define the specific food constituents
whose choice is influenced by brain ser-
otonin, Judith J. Wurtman and I allowed
rats to choose between two diets having
different proportions of carbohydrate
and protein. Various treatments that
increase serotonin release in the brain
(such as giving the drug fenfluramine)
caused the rats to selectively reduce
their consumption of carbohydrate. Re-
cently we have shown that serotonin-in-
creasing treatments have a similar effect
on obese people with a craving for die-
tary carbohydrate when they are al-
lowed to choose from a range of snack
foods over a period of several weeks.
It appears, in other words, that eat-
ing a meal rich in carbohydrate and
poor in protein generates a neurochemi-
cal change—namely increased serotonin
synthesis—that causes the animal to re-
duce its intake of carbohydrate but not
of protein. It seems likely that this con-
trol of serotonin release by diet compo-
sition and of diet composition by seroto-
nin release evolved because it helps to
sustain nutritional balance. Presumably
it keeps the bear from eating only honey
and keeps human beings from eating
sweets and starches to the exclusion
of enough protein. Some obese people
may suffer from a disturbance of this
remarkable feedback mechanism that
interlinks nutritional, metabolic, neuro-
chemical and behavioral systems. Un-
fortunately there is no noninvasive tech-
nique for measuring serotonin release in
the brain and thus directly establishing
the role of serotonin release in man.

In 1975 Edith L. Cohen and I, and in-
dependently Dean R. Haubrich of
the Merck Institute for Therapeutic Re-
search, showed that the administration
of choline increases the synthesis of ace-
tylcholine in the brain. (Consumption of
lecithin, the food constituent that pro-
vides most of the choline in adult diets,
is even more effective.) Soon after that
Candace J. Gibson and I observed a sim-
ilar relation between meal composition
and the synthesis of the catecholamine
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NUTRIENT MOLECULES must cross the “blood-brain barrier” to get to the brain cells
where they serve as precursors of neurotransmitters. The junctions between the endothelial
cells of the capillaries in the brain are too tight to allow the passage of tryptophan, tyrosine or
choline, and so the precursors must be transported through the capillary wall by carrier mole-
cules. Tryptophan, tyrosine and other large, electrically neutral amino acids compete for the
same carrier. The uptake and conversion of choline are shown here. Choline in the extracellular
fluid of the brain is taken up by the terminal of a cholinergic neuron (I) and is converted into
acetylcholine (2). The acetylcholine is released into the synaptic cleft when the neuron fires (3).
The acetylcholine may interact with a receptor and thereby transmit a signal to the postsynap-
tic cell (4). Alternatively, the transmitter may be converted back into choline (5), which may be
taken up again by presynaptic terminal (6) or may enter extracellular fluid and bloodstream (7).

transmitters dopamine, norepinephrine
and epinephrine. The administration of
tyrosine or the consumption of meals
that increase the relative plasma level of
tyrosine (the level in relation te the oth-
er large, neutral amino acids) raises the
tyrosine level in neurons, thereby mak-
ing more of the amino acid available
to the enzyme tyrosine hydroxylase and
accelerating catecholamine synthesis.
With three nutrients shown to affect
the synthesis of their neurotransmitter
products, it became possible to formu-
late some general principles for predict-
ing whether a given transmitter might
be subject to such control and to pro-
pose some standardized experiments for
demonstrating the existence of such re-
lations. I can illustrate the principles by
describing the nature of the five bio-
chemical processes that must follow in
sequence if the consumption of a meal
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rich in a nutrient is to increase the syn-
thesis in the brain of the transmitter for
which the nutrient is the precursor.
First, consumption of a food that in-
cludes the nutrient must significantly el-
evate the plasma level of the nutrient;
the plasma level cannot be held relative-
ly constant by feedback mechanisms
like the ones that regulate plasma pH,
say, or the concentration of calcium.
Second, the concentration of the nutri-
ent in the brain must depend on and vary
with the concentration in the plasma;
there cannot be an impenetrable blood-
brain barrier for the precursor. Third,
the transport mechanism that mediates
the nutrient’'s movement between the
blood and the brain must be of the low-
affinity type: it must be unsaturated with
its substrate (the precursor), so that it
can become more nearly saturated when
the plasma level rises. Fourth, the neu-
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ronal enzyme that catalyzes the conver-
sion of the precursor into the transmitter
must also be a low-affinity one. (As I
mentioned above, it was this require-
ment that led us to the effect of tryp-
tophan on serotonin-releasing neurons.)
Fifth, the enzyme must not be suscepti-
ble to feedback inhibition when the in-
tracellular level of its product, the trans-
mitter, rises.

All these conditions have now been
shown to be fulfilled in the synthesis of
serotonin, acetylcholine and the cate-
cholamines. There is some evidence that
they are also met in the case of two oth-
er transmitters, histamine and glycine,
whose production seems to be affected
by the availability of their precursors.
The fact that so many conditions must
be met if precursor availability is to in-
fluence neurotransmitter synthesis im-
plies that the precursor-transmitter rela-
tion is no biological accident. Rather it
seems likely the relation has some adap-
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tive value and has therefore been con-
served in evolution.

Are all neurotransmitters subject to
precursor control? Probably not. The
immediate precursors of some transmit-
ters are usually available in concentra-
tions that fully saturate the neurotrans-
mitter-synthesizing mechanisms and are
therefore independent of plasma com-
position. In other cases it is not possible
to assess the extent to which precursor
levels control the synthesis of a trans-
mitter, either because the precursor’s
identity remains to be established or.
because blood-brain transport systems
frustrate the experimenter’s attempts to
raise the concentration of the precursor
in the brain. Even if only some of the
25 or so neurotransmitters known are
potentially responsive to nutrient con-
sumption, however, it is interesting that
the responsive transmitters include sev-
eral whose action is thought to be af-
fected by drugs given to treat neuro-
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FOOD CONSUMPTION affects the synthesis of serotonin in the brain. Eating protein raises
the plasma level of tryptophan, but it raises the plasma level of five other large, neutral amino
acids (LNAA’s) even further because each of them is more plentiful than tryptophan in pro-
teins. Dietary carbohydrate induces the secretion of insulin, which moves most amino acids
out of the bloodstream but has little effect on tryptophan. Because tryptophan must compete
with the other LNAA'’s for transport across the blood-brain barrier, the movement of trypto-
phan from the plasma to the brain is controlled by the plasma ratio of tryptophan to the other
LNAA'’s (color). When the ratio is high, tryptophan enters the brain; when it is low, trypto-
phan moves from the brain into the bloodstream. The release in the brain of serotonin syn-
thesized from the tryptophan appears to reduce a rat’s (or a person’s) carbohydrate intake.
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logic, psychiatric and even cardiovas-
cular diseases.

Although the intake of a nutrient may
influence the synthesis of a neurotrans-
mitter in the presynaptic terminal of
a neuron, it does not necessarily fol-
low that the nutrient alters the transmis-
sion of impulses across the synapse. The
nutrient must also be shown to increase
the number of transmitter molecules re-
leased by a given set of neurons per unit
time. The number depends mainly on
the number of neurons in the tract or
nerve being examined, on the total num-
ber of synapses they make, on the fre-
quency with which the neurons fire and
on the average number of molecules
released at each synapse each time the
neurons fire. It was theoretically possi-
ble that nutrient administration affected
only the synthesis of a transmitter and
not its release into synapses. This was
shown not to be the case in experiments
done by George G. Bierkamper and
Alan M. Goldberg of the Johns Hop-
kins University School of Medicine.
They measured the release of acetylcho-
line from motor neurons incubated in
various choline concentrations. When
they stimulated the nerves electrically,
they found a striking parallel between
the concentration of choline and the
amount of acetylcholine released.

Tracing the effect of added nutrient
one step further, Ismail Ulus of
the University of Bursa in Turkey and I
showed that the increase enhances not
only transmitter release but also neuro-
transmission, giving rise to a chemical
change in the postsynaptic cells. In these
studies we worked with the splanchnic
nerve, which runs from the spinal cord
to the adrenal glands. There the splanch-
nic-nerve fibers terminate in synapses
with cells called chromaffin cells in the
medulla, or core, of the glands. When
the splanchnic nerve fires, it releases
acetylcholine. This transmitter causes
the postsynaptic chromaffin cells to re-
lease epinephrine and also to make
more tyrosine hydroxylase, the enzyme
that ultimately controls the synthesis of
epinephrine.

Other investigators (notably Julius
Axelrod, Hans Thoenen and Robert A.
Mueller, who were all then at the Na-
tional Institute of Mental Health) had
shown that if rats were given a treat-
ment that chronically increased the fir-
ing rate of the splanchnic nerve, the con-
sequent release of added acetylcholine
increased the level of tyrosine hydrox-
ylase activity in the adrenal gland. We
thought that giving choline would in-
crease the amount of acetylcholine re-
leased per firing without altering the
splanchnic nerve’s firing frequency and
therefore might similarly increase tyro-
sine hydroxylase activity. It did. Then
we tested animals in which the splanch-
nic-nerve fibers supplying one of the
two adrenal glands had been severed.



We found that choline induced greater
enzyme activity in the intact gland but
failed to do so in the denervated one,
proving that circulating choline did not
act directly. It needed first to be con-
verted into acetylcholine, which was re-
leased from the splanchnic nerve.

To confirm that the choline acted by
changing the amount of neurotransmit-
ter released per firing (and not by raising
the firing frequency) we tested the com-
bined effect of giving rats both choline
and a treatment meant to accelerate
splanchnic-nerve firing. (The treatments
included putting animals in a cold envi-
ronment, giving them very large doses
of insulin and administering drugs that
cause prolonged depression of blood
pressure.) We reasoned that if choline
and the other treatment both acted by
increasing the firing frequency, their
combined effect on tyrosine hydrox-
ylase would be about the same as the
effect of one treatment alone. If, on
the other hand, choline increased the
amount of acetylcholine released per fir-
ing, the combined effect should be mul-
tiplicative. We observed that the effects
of giving choline and of the second
treatment were indeed multiplicative.
To our surprise, however, the two treat-
ments also potentiated each other, that
is, their combined effect on tyrosine hy-
droxylase activity was invariably larger
than the product of their effects when
they were given alone.

These experiments led to two conclu-
sions. One was that giving a nutrient
molecule that acts as a precursor can
enhance the release of a neurotransmit-
ter and thereby amplify a neuron’s effect
on postsynaptic cells. In the instance
studied the administration of choline
leads to the release of more acetylcho-
line and hence to greater tyrosine hy-
droxylase activity. The other conclu-
sion, which had not been expected, was
that the magnitude of choline’s effect
varies with the firing frequency of the
neurons on which it acts. The latter find-
ing provided the first suggestion of the
important relation, which I mentioned
at the outset, between the firing frequen-
cy of a neuron and the extent to which it
responds to an increased supply of its
transmitter’s precursor.

Within four months of the publica-
tion of our first article describing
the increase in brain acetylcholine in
rats given choline, the first clinical appli-
cation of the nutrient-neurotransmitter
relation was reported. The report con-
cerned a patient suffering from tardive
dyskinesia, a disease characterized by
uncontrollable movements of the face
and upper body; it is caused (in a sub-
stantial fraction of patients) by the pro-
longed administration of antipsychotic
drugs and is considered by many psychi-
atrists to be the most important side ef-
fect limiting the use of those drugs.
Kenneth L. Davis and his colleagues
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EFFECT OF SEROTONIN on food choice was demonstrated by an experiment in which rats
were offered their choice of two diets. Each diet provided the same amount of carbohydrate
and the same number of calories, but diet 4 was low in protein (5 percent), whereas diet B was
protein-rich (45 percent). On the first day the rats were injected with a placebo. On the second
day they were injected with fenfluramine, a drug that increases serotonin release. The addi-
tional serotonin caused a selective reduction in the amount of food consumed from diet 4,
so that the rats’ carbohydrate intake decreased but protein intake stayed about the same.
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PLUS INSULIN
EFFECT OF CHOLINE on signal transmission by acetylcholine from splanchnic-nerve ter-
minals to the chromaffin cells of the adrenal gland was assessed by measuring the activity of
tyrosine hydroxylase, an enzyme whose synthesis is augmented by acetylcholine. In one experi-
ment (/eft) one of the two adrenal glands was denervated (hatched bars). Giving choline for sev-
eral days significantly increased enzyme activity in the intact gland but not in the denervated
one. In a second experiment (right) two treatments were tested in rats, first alone and then
in combination. Giving choline increased enzyme activity; so did the injection of insulin,
which accelerates the firing of the splanchnic nerve. The two treatments potentiated each oth-
er: their combined effect was more than twice as great as the sum of their individual effects.
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at the Stanford University School of
Medicine had found that giving patients
physostigmine, a drug that increases
acetylcholine levels (by blocking the
degradation of the transmitter by the en-
zyme cholinesterase), could temporari-
ly ameliorate the abnormal movements.
They then showed that increasing brain
acetylcholine by giving choline has a
similar effect. Other investigators have
since confirmed the efficacy of choline in
many patients with tardive dyskinesia,
including a large group of people treat-
ed in a double-blind, placebo-controlled
test by my collaborator John H. Grow-
don of the Tufts University School of
Medicine.

Choline has largely been replaced by
lecithin as the precursor of choice for
raising acetylcholine levels in patients
because lecithin is less susceptible to
bacterial degradation in the intestine.
The degradation wastes the choline and
also leads to the formation of trimeth-

ylamine, which can impart the aroma
of rotten fish to the hapless patient.
Unfortunately “lecithin” means a spe-
cific chemical compound, phosphatidyl-
choline, to physicians and biochemists,
whereas in the food industry it encom-
passes an entire family of substances,
the phosphatides. Only phosphatidyl-
choline is an effective source of choline;
virtually all the lecithin preparations
sold in health-food stores are too im-
pure to be of much value to patients.
The administration of choline or leci-
thin does not interfere with the thera-
peutic effects of antipsychotic drugs,
only with their side effect, tardive dyski-
nesia. Moreover, unlike physostigmine
and other inhibitors of cholinesterase,
choline and lecithin do not give rise to
the side effects associated with increased
acetylcholine activity itself. The ampli-
fied acetylcholine transmission that fol-
lows the administration of physostig-
mine, for example, leads to excessive

formation of mucus in the respiratory
passages, a very low heart rate, gastroin-
testinal cramping and numerous altera-
tions of brain function. What explains
the absence of such cholinergic side ef-
fects after the administration of leci-
thin or choline?

The answer goes back to the interde-
pendence of firing frequency and neuro-
transmitter synthesis [see illustration be-
low]. Not all neurons that are potentially
able to release more transmitter mole-
cules in the presence of more precursor
actually do so. The brain can cause par-
ticular groups of normally functioning
neurons to diminish their firing frequen-
cy, so that although they synthesize
more transmitter molecules, they do not
release more molecules per unit time.
The diminished firing frequency has a
second effect: it somehow reduces the
sensitivity of the slower-firing neurons
to the presence of additional precursor.
In tardive dyskinesia the neurons that
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FIRING FREQUENCY AND PRECURSOR SUPPLY are inter-
related. A hypothetical set of four normal synapses is shown at the
top; the neurons fire four times per second, and at each synapse three
transmitter molecules are released per firing. The result is a total re-
lease of 48 molecules per second. A hypothetical degenerative dis-
ease reduces the number of neurons and synapses. The remaining
neuron fires faster, but transmitter release is still inadequate. The ad-
ministration of additional precursor increases the number of trans-
mitter molecules released at each firing and thus achieves a normal
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total rate of release. If additional precursor is supplied to a normal
set of neurons, the response is different. First there is a transient in-
crease in total release because more transmitter is synthesized and
more is released at each firing (/). Soon, however, the neurons’ fir-
ing rate is slowed, reducing transmitter release to the normal level
(2). The reduced rate in turn somehow reduces the neurons’ sensitiv-
ity to the additional precursor; less transmitter is released per firing
(3). Eventually a combination of firing rate and release per firing is
reached that maintains normal total rate of transmitter release (4).
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suppress the symptoms are apparent-
ly sensitive to the additional supply of
choline, and so their action is ampli-
fied. Other cholinergic neurons first slow
their firing and then become unrespon-
sive to additional choline; as a result
their release of acetylcholine does not
increase and the side effects associated
with overstimulation of the cholinergic
neurons are absent.

Aly disease state known to result from
inadequate cholinergic neurotrans-
mission, in any part of the body, now
becomes a candidate for treatment with
lecithin given either alone or as an ad-
junct to drug therapy. A number of brief
reports have described improvement af-
ter lecithin administration to individual
patients suffering from such diseases.
Except in the case of tardive dyskinesia,
however, too little information is avail-
able to sustain even tentative conclu-
sions as to lecithin’s therapeutic efficacy.

The diseases currently generating the
most interest as candidates for lecithin
therapy are the memory disorders asso-
ciated with old age. Aging brings with it
a loss of neurons in the brain, and cho-
linergic neurons seem to be particularly
vulnerable. The hippocampus, a region
of the brain known to be essential for the
formation of new memories, has a par-
ticularly large number of cholinergic
neurons. The administration to young
people of drugs such as scopolamine,
which block cholinergic transmission,
causes short-term memory impairments
similar to those observed in the aged.
For these reasons it seems possible that
treatments calculated to increase brain
acetylcholine may be effective in some
patients with memory disorders.

Investigators who would study possi-
ble therapies for these disorders are be-
set by a number of problems. One prob-
lem is the lack of a clinical basis for
classifying memory-impaired patients
into distinct subgroups according to the
origin of the disability. It seems likely
that the population of patients now said
to have senile dementia or Alzheimer’s
disease will one day be found to consist
of people with several different diseases,
only some of which may reflect a selec-
tive decrease in brain acetylcholine and
so perhaps be amenable to choline ther-
apy. For now there is no way to distin-
guish such patients.

Another problem is the lack of well-
validated tests for measuring improve-
ment in memory functions. There are
objective tests of memory, but in no case
has it been possible to demonstrate that
an improvement in a test score presages
improvement in the patient’s real-life
memory functions. The tests cannot be
validated because (it is a vicious circle)
no treatment has yet been discovered
that demonstrably improves real-life
memory functions. Furthermore, the
substances available for testing are less
than satisfactory. Most partially puri-

5 ]
[ ]

4} .
s
<
o
O
o
w
a
o
= "
z 3 —
o
O
o
x
Q
2
a
?
o 2
)
=
Z
g
o
b=
o
I

{ ;

0 | | !

0 10 20 30 40 50

TYROSINE (MICROGRAMS PER GRAM)

ADMINISTRATION OF TYROSINE leads to the accumulation of homovanillic acid, a
breakdown product of dopamine, in the corpus striatum of the rat, but only when the firing
of dopamine-releasing neurons is speeded up. Giving tyrosine alone (colored X) increases the
concentration of tyrosine in the brain compared with the level in control animals (black X), but
it has no effect on dopamine release (as measured by the homovanillic acid level). Giving halo-
peridol, a drug that accelerates the firing of the neurons, enhances the release of dopamine and
also makes the synthesis and release of dopamine dependent on the brain level of tyrosine
(black dots); now administration of tyrosine markedly increases dopamine release (colored dots).

3%}
|

HOMOWVANILLIC ACID PER NEURON
(RELATIVE AMOUNT)

=

SALINE TYROSINE
CONTROL SIDE

EFFECT OF FIRING FREQUENCY on dopamine release was also demonstrated by an ex-
periment in which 75 percent or more of the dopamine-releasing neurons on one side of the rat
brain were destroyed, causing the remaining neurons to fire more rapidly. The injection of tyro-
sine rather than a presumably inert saline solution does not significantly change the amount of
dopamine released per neuron on the intact side of the brain. On the damaged side the in-
creased firing rate of the remaining neurons is manifest: in animals given saline solution the
amount of dopamine released per neuron is about doubled. Giving tyrosine leads to a fur-
ther increase in dopamine release; giving valine, another large, neutral amino acid, does not.
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fied lecithin preparations either contain
too little phosphatidylcholine or are un-
palatable in the large doses that seem to
be necessary. The standard drugs with
which investigators enhance choliner-
gic function in animals act too nonspe-
cifically on cholinergic synapses every-
where (and so cause too many side ef-
fects) for testing in human beings.

The few reports that have appeared
on the memory responses of patients
given lecithin suggest that it can be help-
ful in some cases but is not by any means
a fountain of youth. Perhaps combina-
tions of lecithin with drugs that acceler-
ate the firing of cholinergic neurons in
the hippocampus or with low doses of
cholinesterase inhibitors will be useful
in treating patients who have memory
disorders attributed to a localized cho-
linergic deficit. Growdon and Suzanne
H. Corkin of M.L.T. are currently testing
several such combinations.

he close relation between the firing
frequency of a neuron and its re-
sponse to an increased supply of its
transmitter’s precursor is best illustrated
by a group of dopamine-releasing neu-
rons, those that run from the substaritia
nigra in the midbrain to the corpus stri-
atum deep within each cerebral hemi-
sphere. These nigrostriatal neurons par-
ticipate in the control (particularly in
the initiation) of movements and are se-
verely damaged in Parkinson’s disease.
The release of dopamine from the ni-
grostriatal neurons can be assessed in
animals by measuring the accumulation
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EFFECT OF TYROSINE on blood pressure
depends on the initial pressure. The amino
acid lowers the blood pressure of hyperten-
sive rats and raises it in hypotensive animals.
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in the corpus striatum of a dopamine
metabolite, homovanillic acid. If other-
wise untreated animals receive even a
large dose of tyrosine, the nutrient that
is the precursor of dopamine, no change
is noted in the concentration of homova-
nillic acid in the corpus striatum. If the
animals are pretreated with a drug that
accelerates the firing of the nigrostriatal
neurons, however, dopamine release be-
comes sensitive to the tyrosine level.

This effect was demonstrated elegant-
ly by Franz Hefti and Eldad Melamed
(who at the time were working with me
at M.L.T. but who are now respectively
at the Sandoz Research Laboratories in
Basel and the Hebrew University of Je-
rusalem Faculty of Medicine). By ad-
ministering a modified form of dopa-
mine that damages dopaminergic neu-
rons, they disabled more than 75 per-
cent of the nigrostriatal neurons in one
hemisphere of the rat brain. The surviv-
ing neurons in the damaged hemisphere
responded by increasing their firing fre-
quency; they are probably stimulated to
do so by a feedback mechanism that en-
ables nigrostriatal neurons to take over
one another’s functions. (A similar com-
pensatory process keeps most Parkinso-
nian patients from showing symptoms
until at least half of their nigrostriatal
neurons have been lost.) The accelerat-
ed firing was confirmed by showing that
the homovanillic acid level per surviv-
ing neuron was much higher on the
damaged side of the brain than on the
intact side. The animals then received
tyrosine. On the damaged side there was
a further increase in the homovanillic
acid level per neuron; on the intact side
there was no increase.

Tyrosine in the diet can also either
increase the synthesis of norepinephrine
or leave it unchanged depending on the
firing frequency of particular neurons.
This property explains the remarkable
effects of tyrosine on blood pressure.
When tyrosine is administered to ani-
mals (or people) with normal blood
pressure, it has no consistent effect on
the pressure. When tyrosine is given to
hypertensive rats, however, it markedly
lowers their blood pressure; when it is
given to animals with hypotension (ani-
mals in shock, for example), it raises
their blood pressure to near-normal
levels. These observations were made
by my graduate students Alan F. Sved,
Lydia Conlay and Timothy J. Mabher,
who worked with rats that were genet-
ically hypertensive and with other rats
whose blood pressure had been low-
ered by reducing their blood volume by
about 20 percent.

In a hypertensive animal the brain,
acting to reduce blood pressure, acceler-
ates the firing of norepinephrine-releas-
ing neurons in the brain stem. At this site
norepinephrine acts as an inhibitory
neurotransmitter: it suppresses the firing
of other neurons, ultimately diminish-
ing the activity of the peripheral sympa-
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thetic neurons and the chromaffin cells
of the adrenal medulla. The sympathet-
ic neurons and chromaffin cells there-
fore liberate less norepinephrine and ep-
inephrine, which would otherwise act to
raise blood pressure by causing blood
vessels to constrict and cardiac output
to rise. Since only the brain-stem neu-
rons are firing frequently, only their
inhibitory output is amplified by tyro-
sine administration, and so the blood
pressure falls. In animals in shock, on
the other hand, the brain acts to raise
the blood pressure: the inhibitory nor-
epinephrine-releasing neurons of the
brain stem are suppressed, whereas the
sympathetic neurons and chromaffin
cells are activated to fire more frequent-
ly. In this instance tyrosine selectively
enhances catecholamine release from
those cells, and the blood pressure rises.

Because of this regulatory mechanism
tyrosine has a distinct theoretical advan-
tage over many of the drugs now fa-
vored for the treatment of circulato-
ry disorders. In theory, at least, it can
be expected to act without overshoot-
ing the mark because as soon as nor-
mal blood pressure is attained, selective
changes in neuronal firing frequencies
should render the animal insensitive to
the effects of additional tyrosine. Tyro-
sine has yet to be systematically tested in
people with hypertension or shock, how-
ever, and theoretical arguments are no
substitute for well-designed tests of clin-
ical efficacy and safety.

Another human disease state in which
the possible therapeutic value of tyro-
sine is currently being tested at several
institutions is depression. Most psychi-
atrists who seek biochemical explana-
tions of mental illness think that in many
patients depression reflects inadequate
neurotransmission mediated by either
norepinephrine or serotonin. If norepi-
nephrine release is inadequate in certain
regions of the brain of some depressed
patients, the administration of tyrosine
could conceivably be helpful to them.
The first evidence that tyrosine can have
an antidepressant effect was obtained
in studies we did in collaboration with
Alan J. Gelenberg of the Massachusetts
General Hospital; the findings were
quickly confirmed elsewhere. If further
clinical testing shows tyrosine can help
in treating depression, it will be interest-
ing to learn how it does so. In patients
who respond to tyrosine is something
wrong with the metabolism of the ami-
no acid (causing the plasma tyrosine ra-
tio to be too low), or is the fault perhaps
in the conversion of tyrosine into nor-
epinephrine in brain neurons?

When large doses of a nutrient, sepa-
rated from the other constituents
of foods that are its usual source, are
given to people specifically to treat a
disease or condition, does the nutrient
thereby become a drug? The question is
not merely one of nomenclature. The
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ABILITY OF TYROSINE to both reduce high blood pressure and
raise low blood pressure is explained by the effect of the amino acid
on different populations of cells. In response to high blood pressure
norepinephrine-releasing neurons in the brain stem speed their fir-
ing (a). The effect of the norepinephrine released by these neurons is
inhibitory: by suppressing the firing of preganglionic neurons of the
sympathetic nervous system in the spinal cord it reduces the activity
of neurons in the sympathetic ganglia and of the adrenal chromaffin
cells (b), activity that ordinarily tends to maintain or raise blood pres-

sure. When tyrosine is administered, it affects the rapidly firing brain-
stem neurons; those neurons make more norepinephrine, their inhibi-
tory effect is augmented (c) and the blood pressure falls. In response
to low blood pressure, on the other hand, the firing of the brain-stem
neurons is suppressed (d); as a result their inhibitory effect is reduced
and the activity of the ganglia and the adrenal cells is increased (e).
Now it is the high-activity sympathetic and chromaffin cells that
are sensitive to increased tyrosine when the amino acid is adminis-
tered. Their activity is further enhanced (f) and blood pressure rises.

answer may determine whether these
compounds are adequately tested for
therapeutic efficacy and safety and, if
they pass such tests, whether they be-
come available for clinical applications.
Calling them drugs might lead regulato-
ry agencies to require preliminary tests
so laborious and expensive that they
frighten away some of the most like-
ly developers: the food companies that
produce lecithin and protein constitu-
ents for inclusion in foods.

Clearly the prescription of these sub-
stances by physicians (or their recom-
mendation for use in self-medication)
must await the accumulation of evi-
dence that they are safe and effective.
Need the evidence be of the same weight
for a ubiquitous food constituent as
the evidence legitimately required for a
drug? It probably need not be, for a
number of reasons. Amino acids and
choline are rapidly metabolized in the
body by enzymes that have been doing
the job for as long as animals have exist-
ed. How an individual molecule of one

of these nutrients is metabolized seems
to be largely unrelated to whether it is
ingested as the pure substance or as a
constituent of a food protein or leci-
thin. The precursors are water-soluble
and are rapidly exchanged between the
bloodstream and various tissues by dif-
fusion (or, in the brain, by a transport
system); their tissue concentration, un-
like the concentration of many drugs,
does not continue to rise with repeat-
ed administration. Perhaps more impor-
tant, the brain must acquiesce, so to
speak, in most of their effects on neuro-
transmission: by means of the selective
response of neurons to additional pre-
cursor the brain modulates the precur-
sor’s effects on the brain.

The amounts of these nutrients that
must be administered in order to modify
neurotransmitter synthesis are relative-
ly large, reflecting the fact that the nutri-
ents are components of a normal diet;
their normal blood level and daily in-
take are not zero, as is the case with a
typical drug about to be given to a pa-
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tient for the first time. Hence the most
convenient way of administering them
might often be as a constituent of a “spe-
cial food for medical uses” prepared
specifically for that purpose. Such ter-
minology should not imply, of course,
that the diseases and conditions in which
they might be therapeutic are nutrition-
al in origin. Tardive dyskinesia is not the
result of lecithin deficiency, nor is shock
the result of tyrosine deficiency. In such
conditions the nutrient would be given
for its pharmacological effect, as coffee,
brandy, bran or prune juice can be giv-
en, as if it were a drug.

In a broader sense, however, it may be
correct to think in terms of nutrition. Is
it possible that old people in whom the
brain has lost many of the neurons that
release precursor-dependent transmit-
ters might benefit from a routine diet
enriched in tyrosine or tryptophan or
lecithin? If they might, should their con-
tinued reliance on normal but unen-
riched diets be construed as constituting
poor nutrition? I wonder.
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A Major Earthquake Zone
on the Mississippi

Three of the strongest quakes in U.S. history were not in the West
but in New Madrid, Mo. They came in 1811 and 1812, and even now

the area is shaken by an average of one small quake every other day

t the mention of earthquakes most
Americans think of the great San
Francisco earthquake of 1906

and the continuing threat to Califor-
nia represented by the San Andreas
fault. The fact is that three of the great-
est earthquakes in American history oc-
curred 170 years ago not on the Pacific
coast but near a placid meander loop of
the Mississippi River where the states of
Kentucky and Missouri meet. On De-
cember 16, 1811, and again on January
23 and February 7, 1812, the river re-
gion was struck by earthquakes with re-
spective estimated magnitudes of 8.6,
8.4 and 8.7. The tremors were felt
throughout the northeastern U.S. and
parts of Canada. They cracked plaster in
Richmond, Va., and rang church bells
and cracked pavements in the District of
Columbia. To this day the region, in the
vicinity of New Madrid, Mo., remains
seismically active; indeed, it is shaken by
small earthquakes on an average of ev-
ery 48 hours. Why should an area in the
middle of the continent be so susceptible
to earthquakes? Some decades of re-
search have led to the surprising conclu-
sion that here, near the northern apex of
what geologists call the Mississippi em-
bayment, there is a rift in the continen-
tal craton: that part of the great North
American plate consisting of the oldest
and strongest rock in the continental
crust. This ancient rift has been reacti-
vated by tectonic forces.

The Mississippi embayment is a wide
U-shaped expanse bisected by the river.
It begins near the confluence of the
Ohio and Mississippi rivers and wid-
ens southward into the Gulf of Mexico
coastal plain. To the east of the Mis-
sissippi are gently rolling hills capped
by deposits of loess (windblown silt), an
indication that the river never flowed
there. To a traveler in the western part
of the embayment its most arresting
feature is its unyielding flatness. Here
sand and gravel terraces, natural levees,
drainage divides and abandoned mean-
der loops all testify to the fact that the
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river often wandered far to the west of
its present course.

The town of New Madrid lies on the
north bank of a Mississippi meander
loop known as the Kentucky Bend. It
was founded late in the 18th century (in
what was then Spanish territory) with
the intent of establishing a trade center
for the barge and flatboat traffic on the
river. By early in the 19th century its
hundreds of inhabitants made New Ma-
drid the largest settlement in the region.
Thus the town lent its name to the ex-
traordinary events of 1811 and 1812.

The three massive earthquakes that
winter were each followed by a protract-
ed series of strong aftershocks. The ef-
fects were awesome. The saturated bot-
tomland soil spurted huge geysers of
sand and water. During the main shocks
the land heaved and buckled for min-
utes, trees were splintered, a prolonged
roaring was heard and the air smelled of
sulfur. According to one account, the
aftershocks were a constant trembling,
“like the flesh of a beef just killed.”

The effect of the third and strongest
main shock on the Mississippi itself was
even more striking. As an eyewitness
wrote, at “about 4 o’clock A.M. a concus-
sion took place so much more violent
than those which preceded it that it was
denominated the hard shock.... At first
the Mississippi seemed to recede from
its banks. .. its waters gathering up like a
mountain [only to fall] again with such
violence that it took with it whole groves
of young cotton wood trees which
ledged its borders.... The river was lit-
erally covered with the wreckage of
boats.” The riverbed itself was so dis-

turbed that two waterfalls (or at least
rapids) were formed, one upstream
from New Madrid and one downstream.

he recent geological history of the

Mississippi embayment is closely
related to the last of the great glacial
advances of the Pleistocene, which in
North America ended some 8,000 years
ago. At its maximum this advance—the
Wisconsin glaciation—covered much of
the north-central U.S., extending as far
south as southern Illinois. So much wa-
ter was locked up in the vast ice sheets of
the Wisconsin period that the level of
the sea was 60 to 80 meters lower than
it is today, and most of the continen-
tal shelves were dry land. Rivers to the
north of the Ohio and the Missouri,
which formerly flowed north into Hud-
son Bay and the St. Lawrence River,
were blocked by the ice and were divert-
ed south, augmenting the Mississippi
drainage system.

The lowered level of the Gulf of Mex-
ico meant a steeper gradient for the
south-flowing rivers. This factor and
others (such as flooding) caused both
the Mississippi and the Ohio (which
then did not join the Mississippi until
it reached the vicinity of modern Natch-
ez) to cut deepened valleys through the
Mississippi embayment. By the time the
Mississippi reached the edge of the con-
tinental shelf its channel was more than
100 meters deeper than it is today. The
melting of the glaciers brought a rise in
the sea level and the release of huge
amounts of glacial debris, so that the
deeply entrenched river valleys were
soon filled with alluvial sediments.

VICINITY OF NEW MADRID is seen in false color in the aerial photograph on the opposite
page, part of a survey conducted by the National Aeronautics and Space Administration on be-
half of the U.S. Army Corps of Engineers. The Mississippi meander at the far left is the Ken-
tucky Bend; part of the town of New Madrid is visible on the river’s north bank. The time is
fall and some of the farm fields that make up the rectangular patterns on the fertile bottom-
land have been cleared of crops (vegetation appears red). At the lower-right corner is the north-
eastern end of Reelfoot Lake, a Tennessee landmark. A map including the area shown in the
photograph (which covers part of the Lake County uplift, a seismic zone) appears on page 64.
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PRESENT COURSES of the Mississippi and the Ohio, which now meet near Cairo, Ill., are
much different from the courses of late Pleistocene times. The Ohio (light color) did not join
the Mississippi until it reached the vicinity of modern Natchez, and the Mississippi (dark color)
ran well to the west of its present course for most of its length. The later Morehouse diversion
(broken colored line) then brought the two rivers together near modern Memphis, rather than
below Thebes Gap as at present. Gray areas to the east and west approximate the 250-foot con-
tour line. The low area between the Tennessee River and the western contour line is known as
the Mississippi embayment. It widens into the Gulf coastal plain. Crowley’s Ridge is the by-
product of valley widening and erosion by the ancient rivers on both its east and west flanks.
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In the 1940’s Harold N. Fisk of the
U.S. Army Corps of Engineers estab-
lished a remarkable fact about the Mis-
sissippi-Ohio system in late Pleistocene
times, some 18,000 years ago. The val-
ley of the Mississippi, Fisk found, was
then far to the west of the river’s pres-
ent channel, and the valley of the Ohio
passed through what is now eastern Ar-
kansas and western Mississippi. After
the retreat of the Wisconsin ice the Mis-
sissippi channel was diverted eastward
from the western lowlands of the Mis-
sissippi embayment until finally it ran
through a narrow pass at the apex of
the embayment that is today called
Thebes Gap.

What caused such a drastic shift in the
channel? Fisk considered two possibili-
ties: a gradual deepening of Thebes Gap
by periodic erosion during floods and
a headward erosion of a tributary of
the Ohio that finally resulted in the
“capture” of the Mississippi. A third
possibility is that the Thebes Gap diver-
sion was tectonic, specifically the result
of faulting.

There is little doubt that tectonic in-
fluences have controlled the course of
the Mississippi in certain places. An ex-
ample is found in Lake County, Tenn.,
in the heart of the New Madrid seismic
zone. In 1974 Saint Louis University,
with support from the U.S. Geological
Survey, installed a network of modern
seismic instruments in the New Ma-
drid zone. It was augmented in 1979 by
the installation of a second network by
Memphis State University, with support
from the Nuclear Regulatory Commis-
sion. The second network is operated by
the university’s Tennessee Earthquake
Information Center. The New Madrid
zone is monitored 24 hours per day, and
the networks can detect and locate dis-
turbances as small as magnitude 1.0 (an
energy release equivalent to the impact
of a two-ton weight dropped 12 feet).

Some 700 square kilometers in Lake
County are uplifted; the central portion
of the zone is from three to 10 meters
higher than the surrounding region. This
may at first seem insignificant, but it is
hard to explain such an uplifted surface
in the middle of a level river floodplain.
The readings of the seismic network
show that the uplifted area overlies the
part of the New Madrid seismic zone
where the earthquake activity is most
intense. Most of the events are micro-
quakes, with magnitudes of less than 2.5
(roughly the threshold of human per-
ception). David P. Russ of the Geologi-
cal Survey, who has studied the Lake
County uplift, considers it responsi-
ble for the deflection of the Mississippi
channel to the west between Hickman,
Ky., and Caruthersville, Mo. He points
to anomalous river gradients and chan-
nel geometries in the area, and he views
the uplift as a surficial response to
movement on deep-seated faults. The
fact that the area coincides geographi-



cally with the zone of intense micro-
quake activity suggests that most of the
fault movement is seismic, that is, a sud-
den displacement that generates seismic
waves rather than a gradual release of
accumulated crustal strain.

If the Hickman deflection is a product
of recent tectonic influences, might not
the Thebes Gap diversion be the result
of older ones? The gap is about 30 kilo-
meters north of New Madrid. Although
the area is not now associated with any
marked concentration of microquakes,
numerous faults have been mapped in it.
Pending further studies such a hypothe-
sis seems plausible albeit speculative.

Al explanation of the seismic activity
in the New Madrid region is far
more difficult to frame than an explana-
tion of the activity along the San An-
dreas fault. For example, the California
fault has a prominent surface scar with
measurable offsets and well-mapped
main and auxiltary traces. The opposite
is true at New Madrid: the faults are
deeply buried under the river sediments
and the even thicker underlying marine
sediments deposited on the floor of an
ancient sea. No permanent surface fault
traces, such as the waterfalls or rap-
ids produced by the hard shock of Feb-
ruary, 1812, are now found anywhere
in the Mississippi embayment; any that
may once have existed have long ago
been removed by erosion and the re-
working of sediments.

The fundamental difficulty lies in
explaining why the Mississippi embay-
ment has earthquakes at all. The San
Andreas, after all, is a plate-boundary
fault and has been recognized as such
ever since the formulation of the theo-
ry of plate tectonics in the early 1960’s.
A plate is a rigid, strong section of the
lithosphere: the outermost rock layer of
the earth that includes the crust and
the upper mantle. It behaves as a single
body, and it moves slowly in response
to forces generated ultimately by the
slow convective release of the earth’s in-
ternal heat.

In California this movement averages
about 5.5 centimeters per year as the
Pacific plate slides northwest along the
San Andreas fault system, the boundary
between the Pacific plate and the North
American plate. Where the movement is
impeded, as it is today in northern and
southern California, the fault is locked
and is therefore storing up strain energy
that will ultimately and inevitably be re-
leased. Given the fact that the average
displacement in a major earthquake is
from six to eight meters, the recurrence
time for a large earthquake along the
San Andreas fault is roughly 110 to 145
years, unless smaller and more frequent
earthquakes dissipate the energy now
stored in the fault.

The New Madrid seismic zone, how-
ever, is not a plate boundary, and no
such obvious calculation of recurrence

MAPPED
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LANDSAT IMAGE of the area surrounding the confluence of the Mississippi and the Ohio
(top) shows the narrowness of Thebes Gap. The map of the same area (bottom) locates faults
on two upland blocks (colored lines) traced by the Missouri Geological Survey and indicates
two former courses of the Mississippi. The river’s shift to Thebes Gap may be the result of
flood erosion or stream piracy, but the presence of a fault suggests a tectonic involvement.

time can be made. Indeed, the earth-
quakes in the New Madrid Zone are of
the rare kind known as midplate quakes,
a class of disturbances that is of little
significance on a worldwide scale. There
is still no explanation of midplate earth-
quakes in plate-tectonic theory. The fact
remains that the New Madrid earth-
quakes of 1811-12 are prominent exam-
ples of these generally rare events.
Data from the seismograph networks
in the Mississippi embayment yield an
informative picture of the continuing
New Madrid activity. The seismometers
have made possible the precise location
of quake epicenters and hypocenters.
(An epicenter is the surface projection
of the hypocenter, or deep focus, of an
earthquake.) Accurate timing is all-im-
portant to these determinations; an error
of .1to .2 second in the recorded time of
arrival of a seismic wave can shift the
calculated location of a hypocenter by
several kilometers. As a result of the in-
creased sensitivity of the newer instru-
mentation what formerly seemed a fair-
ly random scattering of epicenters has
now proved to be a much tighter group-
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ing and one that exhibits several distinct
linear trends. The epicenters of earth-
quakes of magnitude 1 or greater can be
plotted with an uncertainty of one kil-
ometer or less in latitude and longi-
tude. The uncertainty with respect to
the depth of the hypocenters, however,
remains a matter of several kilometers.

A word about magnitude scales will
be useful here. The first such scale was
devised in 1935 by Charles F. Richter of
the California Institute of Technology.
Since earthquakes vary greatly in mag-
nitude, he found a logarithmic scale
convenient. Magnitude is therefore pro-
portional to the logarithm (to the base
10) of the amplitude of a recorded seis-
mic wave. An increase of one unit on
the scale represents an increase in wave
amplitude by a factor of 10, which in
turn represents an increase in radiated
seismic energy by a factor of about 32.
Large earthquakes, say of magnitude 8
or larger, are thus many millions of
times more energetic than an event of
magnitude 1. For example, the New
Madrid hard shock (magnitude 8.7) re-
leased in its seismic waves alone (not
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RIVER TERRAIN in the New Madrid seismic zone includes a subtle feature known as the
Lake County uplift. The broken line (color) outlines the entire uplift feature, mapped by Da-
vid P. Russ of the U.S. Geological Survey. Gray areas above and below Reelfoot Lake are re-
gions of higher uplift; the darkest zone adjacent to a bar (color) is the region of maximum
uplift. It once stood more than 10 meters above the level bottomland. The colored bar and a sec-
ond one downstream and to the west designate places where the earthquake of February, 1812,
so disrupted the riverbed that waterfalls were formed. Reelfoot Lake was also enlarged as a re-
sult of the earthquakes in 1811-12. The uplift may have deflected the Mississippi westward
near Hickman, Ky. Dots indicate some of the earthquakes recorded in the area since 1974.

including either the heat or the mechani-
cal energy released) energy greater than
the energy that would be released by the
explosion of 150 million tons of TNT.

Today most of the New Madrid
events are microquakes. In the peri-
od between mid-1974, when the modern
seismograph network was established,
and mid-1981 an average of more than
150 events per year with a magnitude
greater than 1 have been recorded. Of
this total of more than 1,000 quakes
the local residents have reported feeling
fewer than 50. This is about seven per
year, or less than 5 percent of the total.
Since the large earthquakes of 1811-12
only two events estimated at magnitude
6 or greater have been reported; the first
was in 1843 and the second in 1895.
There was no seismograph installation
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in the region until one was set up in St.
Louis in 1909. Since then no quakes
capable of doing more than minor dam-
age have been recorded. The most re-
cent earthquake, an event of magni-
tude 5, occurred near Marked Tree,
Ark., on March 25, 1976. It was felt in
seven states.

Was the 1811-12 series of severe
earthquakes a unique event? Recent
work by Russ suggests otherwise. Dig-
ging a trench at one location in the uplift
area of Lake County, he exposed two
zones of deformed and faulted sedi-
ments. Russ attributes the condition of
the sediments to the action of large
earthquakes. Fragments of shell from
the disturbed sediments have yielded
carbon-14 dates of 2,000 + 250 years
before the present. Hence the distur-
bances, which long predate the 1811-12
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events, suggest a possible repeat time for
large earthquakes on the order of 600 to
800 years.

The pattern of microquake epicenters
seems to reflect the orientation of three
deeply buried faults in the New Madrid
region. Two main trends are apparent.
One fault, possibly segmented, appears
to strike southeast from the town of
New Madrid into the Lake County re-
gion of northwestern Tennessee. The
other, a longer fault, runs for 100 kilo-
meters southwest out of the Missouri
“boot heel” into northeastern Arkansas,
where it ends abruptly at the town of
Marked Tree, 60 kilometers northwest
of Memphis. A third and less developed
fault trend extends northward from the
first fault to the vicinity of Cairo, Ill. For
all three segments the depth measure-
ments of microquake hypocenters range
from five to 20 kilometers below the sur-
face, a depth that places the faults main-
ly in the granitic basement rock of the
upper and middle continental crust.

The two main faults differ both in
their strain-energy release and in their
mode of faulting. The first fault, which I
shall call the cross-embayment segment,
generates four times as many micro-
quakes as the second fault, or axial seg-
ment, but releases only a fourth of the
seismic energy. The axial segment pro-
duces fewer events, but the shocks of
larger magnitude tend to be concentrat-
ed along it. This contrast may be due to
differences in the stress levels; the rock
of the axial segment may be stronger
and less fractured than the rock of the
cross-embayment segment and there-
fore able to store more strain energy be-
tween releases.

Faults can also differ according to the
displacement of one side with respect to
the other. For example, a steeply dip-
ping fault that exhibits only horizon-
tal movement is termed a strike slip. If
the opposite side moves to the right, the
fault is said to have a dextral offset; if
it moves to the left, it is said to have a
sinistral offset. As another example, if
the overriding block of an inclined fault
plane moves upward, it is said to be
a thrust fault; if it slips downward, it
is said to be a normal or gravity fault.
These are more than mere classificatory
distinctions; different types of faulting
require a different orientation of the pre-
vailing stress field. Strike-slip and thrust
faulting require a horizontal maximum
compressive stress; gravity faulting re-
quires a vertical maximum compressive
stress and a horizontal minimum com-
pressive stress or even a tensional stress.

By studying the seismic wave patterns
generated by New Madrid earthquakes
Robert B. Herrmann of Saint Louis
University has determined the domi-
nant faulting types of the main fault
segments. He finds that on the axial
segment (and possibly on the Cairo seg-
ment) dextral strike slip predominates.
The results for the cross-embayment



segment are less clear but thrust faulting
appears to be indicated. The presence of
faults of these types is consistent both
with the observed uplift in Lake County
and with a single overall regional stress
field: a maximum horizontal compres-
sive stress with an east-west orientation.
This agrees with the extensive North
American stress measurements com-

piled by Mark and Mary Lou Zoback
of the Geological Survey; these too in-
dicate an east-west compressive stress
field for much of the mid-continent.
The hypothesis is that the compres-
sive stress is transmitted to the plate
interior by interactions at the plate
boundaries, or possibly by interaction
of the rigid lithosphere with the more

ductile part of the immediately under-
lying mantle. In either case the source
of the stresses that generate the New
Madrid earthquakes is plate motion
and the source of plate motion is the
heat of the earth’s interior.

To know that plate motion is the
source of the earthquake-generating
stress regime in the New Madrid region

COMPUTER-GENERATED PLOTS measure the earthquake ac-
tivity of the New Madrid seismic zone. In the upper plot the height of
a peak is proportional to the number of earthquakes recorded since
July, 1974. The highest peak represents 19 quakes within a zone two
square kilometers in extent. This and the next-highest peak overlie
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fault-segment intersections. In the lower plot peak height represents
the cumulative seismic energy released. The vertical scale is exponen-
tial; if it were linear, the tallest peak would be more than a million
times higher than the low ones. The peak in the lower-left corner
represents a 1974 magnitude 5.0 earthquake and its 4.5 aftershock.
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is to see only half of the picture. One
must also account for the mid-continen-
tal faults themselves. Furthermore one
must ask why this particular combina-
tion of faults and stresses is seismically
active when other mid-continental areas
subjected to the same regional stresses
show little if any such activity. A begin-
ning can be made by summarizing what
has been learned about the structure of
the earth’s crust in the Mississippi em-
bayment.

A wealth of new information con-
cerning the embayment has come from
research programs conducted by the
Geological Survey and by the New
Madrid Seismotectonic Study Group,
which is supported by the Nuclear Reg-
ulatory Commission. The findings indi-
cate that the crust underlying the em-
bayment is weakened by an ancient rift.
The faults associated with the rift may
have been inactive for millions of years,
but they have now been remobilized.
The remobilization is attributed to the
present mid-continental regime of east-
west compressive stress. Both the stress
and the displacements it has induced,

however, appear to be quite different
from the stress responsible for the ini-
tial rifting.

ontinental cratons are among the

least seismic regions of the earth.
The crustal rock underlying the Missis-
sippi embayment, however, appears to
represent a “reentrant” into the North
American craton; it is not a part of the
cratonic block but is rock that is more
characteristic of the coastal plain to the
south. Such indentations are character-
istic of a “failed arm” of three-armed
rift systems that are associated with
“hot spots” or “plumes” in the earth’s
mantle. Kevin C. Burke and John F.
Dewey of the State University of New
York at Albany suggest that such a hot
spot underlay the North American cra-
ton in this rifted area some 300 million
years ago; other estimates suggest that
the hot spot was much more ancient,
well back in Precambrian times of more
than a billion years ago. A hot spot is
not the only mechanism that could have
produced the crustal rifting, but it is one
that serves as a useful working model.
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NORTH AMERICAN CRATON is the area inside the heavy colored line. It is the oldest,
strongest and most rigid crustal rock of the continent. Most earthquake activity is confined
to its periphery (colored areas). Earthquake activity along the boundary between the Pacific
plate and the North American plate has been omitted from the map. The black arrows show
the generalized horizontal stress fields present in the crust: compressive in the east and the mid-
continent and tensional in the west. The craton includes both exposed basement rock (shield)
and veneers of sedimentary rock (platform); they are outlined by broken black lines. The New
Madrid seismic zone overlies not the craton proper but a deeply rifted “reentrant” of coastal-
plain rock from the south into the craton. The data were compiled by Steven Wesnousky and
Christopher Scholz of the Lamont-Doherty Geological Observatory of Columbia University.
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The designation “failed arm” indi-
cates that this particular rift segment did
not develop into an active, divergent
plate boundary. (The other two arms
may or may not have developed into
such a boundary.) The failed arm would
nonetheless exhibit all or most of the
characteristics of an active continental
rift: stretched and faulted crust, intru-
sions of dense magma from the mantle,
positive gravity anomalies and an initial
doming, followed by subsidence, as the
mantle magma intruding into the lower
crust cools and contracts. Rivers will
often occupy such a subsided rift, and
over the thinned and faulted crust thick
layers of sediment will accumulate.

How well does the Mississippi embay-
ment match this model of a failed-arm
rift? Recent geophysical investigations
that probe subsurface geological struc-
tures far beyond the reach of the deepest
drill holes support such an interpreta-
tion. Gravity measurements have de-
tected plutons (intrusions of dense man-
tle rock that increase the local gravity
field) in the crustal rock of the embay-
ment. The study of seismic waves re-
flected off subsurface structural dis-
continuities points to a thin crust within
the embayment, underlain by a pillow
of anomalous mantle rock.

Still further support for the rift model
has come from field work in 1977-78,
when Tom Hildenbrand and his col-
leagues of the Geological Survey car-
ried out an extensive aerial magnetic
field study of the region. Like gravity,
the magnetic field of the earth is affected
by the character of the subsurface rock.
For example, the high iron content of
igneous rock, such as mantle magma,
gives rise to strong magnetic readings
and the low iron content of sedimentary
rocks gives rise to weak readings.

Hildenbrand’s survey made use of
a data-enhancement technique that not
only revealed igneous intrusions but
also located the boundaries of quite
small intrusive bodies. A “contour”
map incorporating these enhanced data
shows a zone of reduced magnetism that
runs through the New Madrid region in
a northeast-southwest direction and sep-
arates flanking areas that have numer-
ous igneous intrusions and are therefore
higher in magnetic intensity. The low-
intensity zone, roughly 75 kilometers
wide, extends from south of Memphis
northward to near the apex of the Mis-
sissippi embayment. Hildenbrand at-
tributes the reduced magnetic intensity
within the zone to a two-kilometer sub-
sidence of basement rock as the failed-
arm rift cooled and was loaded with sed-
iments. The axial trend of New Madrid
seismic events parallels the ancient rift
and is centered between its flanks.

The Geological Survey’s magnetic-in-
tensity data have convinced many geol-
ogists, including me, of the reality of a
subsurface rift in the Mississippi em-
bayment. Hildenbrand’s findings have



created a situation somewhat analo-
gous to the acceptance of the reality of
sea-floor spreading when in 1966 meas-
urements revealed the nearly perfect
symmetry of one particular magnetic-
intensity profile on each side of the
East Pacific rise. New concepts often
need the support of a particularly clear
piece of evidence in order to turn skep-
tics into believers.

Evidently at the time the rift was
formed the North American craton was
subjected to horizontal tensional stress.
In today’s regime of compressional east-
west stress the gravitational faults asso-
ciated with the initial rifting have been
reactivated as faults of the thrust and
strike-slip class. Robert M. Hamilton
and Mark Zoback of the Geological
Survey have recently applied a new
technique of seismic analysis to identify
for the first time the highly deformed
fault zone that generates the axial-trend
earthquakes in the New Madrid region.
Two other Geological Survey workers,
Erncst Glick and Anthony J. Crone,
have shown that one fault on the south-
east flank of the rift zone has been up-
lifted 80 meters since the time of the
two-kilometer subsidence identified by
Hildenbrand.

f one could forecast the rate of recur-
rence of major earthquakes in the

New Madrid region, it would be possi-
ble to estimate its seismic vulnerabil-
ity with fair precision. In the region of
the San Andreas fault it is possible to
make direct fault-slip measurements,
but since this cannot be done in the
Mississippi embayment, an alternative
method is necessary. It stems from the
empirical observation that for a given
seismic region there is a linear rela-
tion between the magnitude of an earth-
quake and the logarithm of the cumu-
lative number of earthquakes equal to
or less than that magnitude.

This is simply a quantitative expres-
sion of the fact that small earthquakes
are much more numerous than large
ones. The slope of the best-fitted line on
a graph plotting cumulative earthquake
frequency against earthquake magni-
tude (known to seismologists as the b
value) is commonly close to unity, so
that there is a tenfold increase in the
number of quakes for each unit decrease
in magnitude. Once the b value and the
proportionality constant of the equation
are specified the average recurrence in-
terval can be calculated for earthquakes
of any given magnitude.

Working with a catalogue of histori-
cal New Madrid earthquake data com-
piled by Otto W. Nuttli of Saint Louis
University and with the record of events
detected since 1974, I have used the
equation to estimate various New Ma-
drid recurrence times. The range of
elapsed times is enormous. Whereas, as [
have noted, an earthquake of magnitude
1 can be expected almost every other
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FAULT REACTIVATION is shown schematically. A gravity fault (¢) forms when the hori-
zontal component of the regional stress field (arrows) is tensional; one block sinks with respect
to the other. Erosion and sedimentation (b) obliterate the surface evidence of the fault. The
fault can be reactivated when compressive stress is applied (c). If the overriding block rises, the
reactivated fault is of the thrust type, seen at the left. If one block moves horizontally with re-
spect to the other, the fault is of the strike-slip type (motion to the right is dextral and motion
to the left is sinistral). Oblique faulting, a combination of the two, is also possible. The grav-
ity faults of the New Madrid seismic-zone rift exhibit both thrust and strike-slip reactivation.

day, an earthquake capable of major
structural damage (about magnitude 6)
can be expected only every 40 to 80
years. A repeat of an event greater than
magnitude 8, such as those of 1811-12,
is unlikely more often than at intervals
of from 600 to 1,800 years. Obviously
the larger the selected magnitude is, the
greater the statistical uncertainties are.
This results in estimates that have little
practical value in the evaluation of risk.
Nevertheless, even the empirical esti-
mates are consistent with the results
Russ obtained from the disturbed sedi-
ments in Lake County.

Even if the frequency of large New
Madrid earthquakes cannot be estimat-
ed with anything resembling precision,
it is still possible to make fairly good
estimates of the extent of the damage
that would result if such an earthquake
occurred. For example, let us assume a
recurrence of the 1812 hard shock. The
most vulnerable large population center
in the New Madrid area is Mempbhis.
The city does not enforce any special
seismic provisions in its building code.
Moreover, the location of the city’s
buildings on the unconsolidated sedi-
ments of the Mississippi valley makes
them far more susceptible to earthquake
damage than structures with bedrock
foundations would be.

In 1974 Clarke Mann and Warner
Howe, consulting engineers in Mem-
phis, joined Frederic H. Kellogg of
Memphis State University in an evalua-
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tion of seismic hazards in the city on
behalf of the Department of Housing
and Urban Development. If a maxi-
mum New Madrid earthquake were to
occur in the daylight hours in the year
2000, they estimated, more than 3,000
people would be killed and the dam-
age to buildings (measured in 1970 dol-
lars) would exceed $1.3 billion.

The damage from such an earthquake
would not, of course, be limited to
Memphis. In a similar estimate that
Nuttli prepared on behalf of the Feder-
al Emergency Management Agency he
predicted structural damage to build-
ings and to “lifelines” such as bridges,
utilities and pipelines not only in Ten-
nessee but also in parts of six other
states: Arkansas, Illinois, Indiana, Ken-
tucky, Mississippi and Missouri. This is
a much larger area of damage than can
be expected for an earthquake of simi-
lar magnitude in California because the
crustal rock of the western U.S. attenu-
ates seismic waves over much shorter
distances than the crustal rock of the
central U.S. does. The agency’s prelimi-
nary damage estimate for this exten-
sive region, considering only damage
to buildings, came to $13 to $14 bil-
lion (measured in 1980 dollars).

Even if the private citizen chooses,
in view of the centuries between major
earthquakes in the estimates, to ignore
the current risk presented by the New
Madrid seismic zone, the designers and
regulators of large and critical facilities
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FORECASTING EARTHQUAKES in a particular seismic region is possible because when
the cumulative number of earthquakes per year is plotted logarithmically against earthquake
magnitudes, the plot approximates a straight line. The process is applied to New Madrid data
in this graph. The graph has a double magnitude scale: surface-wave magnitudes (color) for
large events and body-wave magnitudes for smaller ones. The plot indicates that an event great-
er than magnitude 8, such as those of 1811-12, is likely only once every 600 to 1,800 years.

"o

AREAS OF DAMAGE from a recurrence of an earthquake of magnitude 8.6 in the New Ma-
drid seismic zone, as estimated by Otto W. Nuttli of Saint Louis University, are compared here
with those of the San Francisco earthquake of 1906. Both quakes are roughly of the same mag-
nitude; the areas of damage differ greatly because the crustal rock in the west attenuates seis-
mic shock over much shorter distances than the crustal rock of the central U.S. does. Colored
areas are where buildings were structurally damaged in the San Francisco area and where sim-
ilar damage can be expected from a New Madrid recurrence. The gray area in California is
where the architectural damage ranged from minor to significant. The inner gray area surround-
ing the central New Madrid damage zone is where significant architectural damage could be
expected; the outer gray area is where architectural damage would be minor. Colored dots
locate operating nuclear power plants; colored circles, plants planned or under construction.
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cannot do so. In particular the siting and
consiruction of nuclear power plants are
determined in large part on the basis of
the estimated earthquake hazard. For
example, every nuclear plant built or
under construction in the U.S. is de-
signed to withstand two hypothetical
earthquakes.

The first of the two is known as an
“operating basis” earthquake (OBE),
one that would not impair the ability
of the structure to continue to operate
safely. The second is known as a “safe
shutdown” earthquake (SSE), one that
would require the shutdown of the plant
but would leave functional all systems
required for public safety. The hypo-
thetical SSE tremor, normally about
twice as powerful as the OBE trem-
or, represents the maximum potential
ground motion estimated for the area
concerned and generally has a very low
probability of occurrence. In much of
the central U.S. assuming a quake
equivalent to the New Madrid hard
shock of 1812 calls for vibration esti-
mates so large that to satisfy SSE design
requirements becomes prohibitively ex-
pensive. This is the reason no nuclear
plants have been built within the Missis-
sippi embayment and why the design
criteria of nuclear facilities nearby in-
clude the ability to withstand an imag-
ined maximum New Madrid quake in
the section of the rift closest to the plant.

he nuclear power industry faces a

dilemma in dealing with earthquake
hazards. On the one hand overconserva-
tism in plant design can add tens of mil-
lions of dollars to construction costs. On
the other hand the Nuclear Regulatory
Commission cannot and does not ignore
the possibility that the New Madrid seis-
mic zone extends hundreds of kilome-
ters northeast along the Wabash River
fault system into Indiana. At the same
time until it is better understood why the
New Madrid region is active whereas
similar continental rifts remain seismi-
cally quiescent no one can be sure that
what are now inactive zones may not
someday generate large earthquakes.
For example, dozens of old, inactive
faults and rifts are known to exist in the
eastern U.S. Should all nuclear facilities
in this region therefore be designed to
withstand the high energy inputs from
possible large earthquakes?

To answer these questions and many
others will require a precision of geo-
physical and geological knowledge that
does not now exist. Continuing study of
the vast and complex natural laboratory
we call the New Madrid seismic zone
should nonetheless lead to a deeper un-
derstanding of the geological environ-
ment in general. The goal is not only to
satisfy man’s natural curiosity about
why things are the way they are; it is also
to be better prepared when the next
great New Madrid earthquake inevita-
bly comes.



The eyes have it.

In sophistication, they beat any-
thing we expect to offer soon.
Therefore we would be foolish to
begrudge the
salaries and
benefits paid for
the full-time
research of
David F. O’Brien,
Patricia N.
Tyminski,
and Richard T.
Klingbiel, and
the nuclear magnetic resonance
(NMR) collaboration of Nicholas
Zumbulyadis. At best, the value
added to Kodak products by that
work can show up only in the
distant future and probably in quite
unplanned ways. Back in 1912

Kodak realized that research
embodied a good measure of risk
taking. Actually, it has paid off.
For certain scientific applica-
tions, as in astronomy and auto-
radiography, photography has it
over vision by its ability to accumu-
late energy for hours and days ata
time. Furthermore, the resulting
physical image can be restudied a

century later. However, in everyday
photography, the need to adjust, by
technology or skill, the intensity
and duration of the
exposure instead of
the sensitivity of

. the receptor, as the
- eyedoes, isa drag.

- During working

. hours, we also envy
the multimillion-
fold range of that
sensitivity, which
gets us home safely from work in
daylight or dark.

Thus motivated, Kodak
Research 2
Laboratories
have been able
to report to all
interested the
following mod-
est progress:

Initially we
demonstrated
that some syn-
thetic membranes of rhodopsin, the
light-sensitive protein, and the
phospholipids, the building blocks
of cell membranes, exhibited
natural or functional photo-
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chemical behavior*

These observations led to studies
of the structure of natural and syn-
thetic rhodopsin membranes by the
use of NMR and chemical probes;

Parallel to the structural studies,
we have examined
the light-
amplification
mechanisms.
Observations of
light-induced ion
permeability
increases of rho-
dopsin membranes
have shown 102 to
103 of amplification. {

Current studies with light-
activated enzymes, a phosphodi-
esterase and a GTPase have pro-
duced amplifications of 5 x 105.
These enzymes reside on the sur-
face of rhodopsin membranes and
are activated by bleached
rhodopsin.§

Rhodopsin-activated camera
film is most unlikely. But what
about lipid bilayers as orienting
devices for polymerizations?
Maybe they could hold enzymes in
place for work they cannot
accomplish by random
encounters in solution.

Nature’s way is the best
way, it is said.
© Eastman Kodak Company, 1981



SCIENCE AND THE CITIZEN

State Secrets

ast summer the Department of State

L issued visas allowing some 7,000

scholars from the People’s Repub-
lic of China to study at American uni-
versities. About 70 of the 7,000 were
subsequently singled out by Keith Pow-
ell II, the State Department country offi-
cer for China. At Stanford University,
for example, Powell wrote to Edward J.
McCluskey, who was to supervise the
work of two Chinese students in com-
puter science, and Bruce B. Lusignan,
who was to receive three Chinese schol-
ars studying satellite communications.

The letters were similar. “U.S. gov-
ernment policy,” Powell wrote, ‘“en-
courages the training of accomplished
Chinese scholars in modern technology
and science.” The letters went on, how-
ever, to list restrictions the State Depart-
ment wanted to place on the students.
“There should be no access to the de-
sign, construction or maintenance data
relevant to individual items of computer
hardware. There should be no access to
design of microelectronics.... This of-
fice should be advised prior to any vis-
its to any industrial or research facil-
ities.” The letters warned against the
“potential transfer of classified technol-
ogy or of technology which requires an
export license.”

McCluskey and Lusignan were ad-
vised by Gerald J. Lieberman, vice-pro-
vost and dean of graduate studies and
research, that Powell’s letters were “not
applicable to Stanford’s research pro-
grams” because the results of those pro-
grams ‘“‘are generally available to the
public.. .. Indeed, the purpose of univer-
sity research activities is the discovery
and dissemination of new knowledge.
By Stanford policy, no secret or clas-
sified research may be conducted on
campus.” The State Department did not
press the issue.

In December, Bernard Roth of the de-
partment of mechanical engineering at
Stanford received a letter from the
National Academy of Sciences about a
proposed visit by Nikolay V. Umnov, a
Russian investigator of robotics. The
NAS, which administers exchanges
of scholars between the US. and the
U.S.S.R., advised Roth that the visit
would not be approved by the State De-
partment unless Stanford (and three
other universities on Umnov’s itinerary)
agreed to certain restrictions: “4. Um-
nov’s program should be restricted to
mechanical theory of robotic locomo-
tion. No access should be permitted
to control units or programming tech-
niques for robots. B. No industrial visits.
C. Umnov should have no access—visu-
al, oral or documentary—to production,
research or other activity funded by De-
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fense Department contracts or grants,
classified or unclassified.”

On Roth’s behalf Lieberman replied
to the NAS that Stanford “is willing
to host Dr. Umnov as proposed by the
NAS, but we are not willing to ac-
cept responsibility for Dr. Umnov’s ac-
tions—either on or off campus—during
his visit to Stanford.” In February the
NAS sent a second letter “clarifying”
the restrictions in a way acceptable to
the university.

The State Department proposed plac-
ing similar restrictions on Mikhail Go-
lolobov, a Russian organic chemist vis-
iting Purdue University, the Massachu-
setts Institute of Technology and three
other institutions. At M.I.T., Gololobov
had asked to visit the department of nu-
trition and food science. Nevin S. Scrim-
shaw, the chairman of the department,
was told that his visitor was to be denied
access to work in several areas, includ-
ing genetic engineering, which is not
done in Scrimshaw’s laboratory. M.L.T.
refused to comply. Gololobov arrived at
Purdue in January. His host, Michael
Laskowski, Jr., says the State Depart-
ment’s only restriction, that the visitor
have no access to defense-related re-
search, does not apply to his laboratory.

The attitude of the Administration
was underscored in January by Admiral
Bobby R. Inman, Deputy Director of
the Central Intelligence Agency, in an
address to the American Association for
the Advancement of Science. “Make no
mistake,” he said. “Specific data on tech-
nical subjects is high on the wanted list
of every major foreign intelligence serv-
ice, and for good reason.... Restric-
tions on science and technology should
only be considered for the most serious
of reasons. But nowhere in the scientif-
ic ethos is there any requirement that re-
strictions cannot, or should not—when
necessary—be placed on science.”

The legal basis of the proposed limi-
tations of academic freedom is in part
the Export Administration Act of 1979,
which extends control over exports to
the “export of technical data.” Such ex-
ports include ‘““any release of technical
data in the United States with the knowl-
edge or intent that the data will be trans-
mitted from the United States to a for-
eign country.”

More than a year ago the presidents
of five institutions (Donald Kennedy of
Stanford, Marvin L. Goldberger of the
California Institute of Technology, Paul
E. Gray of M.I.T., Frank H. T. Rhodes
of Cornell University and David S.
Saxon of the University of California)
joined to protest the application of such
export regulations to university activi-
ties. “Restricting the free flow of infor-
mation among scientists and engineers,”
they wrote, “would alter fundamentally
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the system that produced the scientific
and technological lead that the Govern-
ment is now trying to protect and leave
us with nothing to protect in the very
near future. The way to protect that lead
is to make sure the country’s best talent
is encouraged to work in the relevant
areas, not to try to build a wall around
past discoveries.”

Informatization

he government of France has estab-

lished a world center to promote the
social applications of microcomputers
and information science. The center is
also expected to stimulate the French
microelectronics industry and establish
French leadership in both containing the
threat and exploiting the promise of
what is perceived as a fundamental rev-
olution in human affairs: the computer-
ization (or, to use the more evocative
French term, l'informatisation) of socie-
ty. The Centre Mondial Informatique et
Ressources Humaines will seek to con-
centrate in Paris the efforts of informa-
tion scientists from many countries and
to disseminate new knowledge and tech-
niques worldwide, with particular atten-
tion to the developing countries.

The center was organized, at the be-
hest of President Mitterrand, by the
author, journalist and political activist
Jean-Jacques Servan-Schreiber, who
will be its president. American infor-
mation scientists will play major roles:
the executive director will be Nicholas
Negroponte of the Massachusetts Insti-
tute of Technology and the chief scien-
tist will be Seymour A. Papert of M.L.T.
Alan C. Kay of Atari, Inc,, and D. Raj
Reddy of Carnegie-Mellon University
will be part-time participants. French
investigators will constitute a majority
of the scientific advisory board, which
will be chaired by Jacques-Louis Lyons,
president of the National Institute for
Computer Science and Automation Re-
search. The board of directors will in-
clude nine cabinet ministers. The cen-
ter’s annual budget is expected to be
about 100 million francs (about $17 mil-
lion), some of which Servan-Schreiber
hopes to raise from other countries and
from international organizations.

The origin of the center can be traced
to a concern in France about the eco-
nomic and social dislocations attending
informatisation, and in particular the un-
employment that is seen as the inevita-
ble first result of the computerization of
industry. Fear of unemployment, Ser-
van-Schreiber pointed out in a report
to Mitterrand last fall, has blocked need-
ed modernizations. Yet, he argued, the
same science that has created powerful
information processors and automatic
manipulators can, by means of micro-
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computers, “regenerate and amplify ev-
ery person’s human faculties, his capaci-
ty for new activities, new forms of cre-
ativity and new occupations.”

In brief, the answer to the threat of
the computer is the microcomputer, and
more specifically the development and
wide distribution of the personal com-
puter. Small computers for the home
and the office already exist, Servan-
Schreiber acknowledged, but they are
far from being true personal computers.

According to Servan-Schreiber, the
center’s initial activities will be direct-
ed along three lines. The first activity
will be the development of hardware
and software for a truly personalized
computer, one about the size of a large
book and costing between 500 and 1,000
francs. The second will be the testing of
experimental computing devices in de-
veloping countries. A number of coun-
tries have expressed interest in such
projects, which may be financed in part
by funds from the Organization of Pe-
troleum Exporting Countries. The third
major activity will be experiments in
France on the social and educational ap-
plications of personal computers, with
emphasis on the needs of children, un-
employed people and the elderly.

Superstar

Is there any limit to the mass of a star?
The question is provoked by a lumi-
nous zone of ionized hydrogen atoms in
the Large Cloud of Magellan (a com-
panion galaxy to our own), which may
harbor a star whose mass is thousands of
times the mass of the sun. An increasing
number of observations imply the star is
there; on the other hand, it is said that a
star with much more than 100 times the
mass of the sun would destroy itself if it
formed, or that it could not have formed
in the first place.

The luminous zone, called the Taran-
tula Nebula, has long been recognized
as a place of extreme luminosity. In-
deed, the Tarantula is the brightest H 11
region, or zone of ionized hydrogen, in
any nearby galaxy. By 1977 J. V. Feit-
zinger and his colleagues had begun
to report the results of an analysis of
photographs of the Tarantula made at
the European Southern Observatory in
Chile. The workers have found that its
central knot of brightness (called R136)
has at least three distinct parts. The
brightest of the parts (called R136a)
may in turn have two components, one
much brighter than the other. R136a is
about one light-year in diameter, which
makes it extremely compact on the scale
of the nebula. Feitzinger and his col-
leagues were therefore led to suggest
that the brightness in R136a might indi-
cate the presence of a supermassive star.
Its intense ultraviolet radiation would
presumably be responsible in large mea-
sure for the ionization that makes the
Tarantula Nebula luminous.
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Feitzinger also suggested that the
mass of such a star might be a few hun-
dred times the mass of the sun. That was
enough to make the star problematic.
No star more massive than a few dozen
times the mass of the sun has been found
in our galaxy. Moreover, it is calculat-
ed that if a star were more than about
100 times the mass of the sun, its self-
gravitation (which tends to make the
star collapse) would be balanced not
so much by the pressure of the gas in
the star as by the pressure of the elec-
tromagnetic radiation the star emits. In
such a circumstance the star is thought
to be unstable and hence to pulsate,
perhaps wildly.

Other arguments suggest that a star
more massive than 100 solar masses
might not be able to form. Models de-
scribing how dust and gas accrete to
form a star imply that the ultraviolet
radiation from a newly condensed pro-
tostar vaporizes the dust nearby. In this
way the protostar gets a dustless cocoon.
Gas remaining in the cocoon gives off
infrared radiation that sweeps dust from
a large volume surrounding the star.
The dust pushes gas away with it. The
process is thought to limit the amount
of matter the protostar can collect.

Only recently has the spectrum of the
radiation emitted by R136a been care-
fully measured. Last year the spectrum
at ultraviolet wavelengths was recorded
with the aid of instruments on board the
International Ultraviolet Explorer satel-
lite. The measurements were made by
Joseph P. Cassinelli, John S. Mathis and
Blair D. Savage of the University of
Wisconsin at Madison, who offer sever-
al conclusions. First, they note that the
ultraviolet spectrum of R136a includes
several lines markedly broadened in a
pattern suggesting that R136a emits a
“wind” of ionized gas. Evidently the
wind is prodigious, with a terminal ve-
locity of 3,500 kilometers per second.
The sun’s wind is only a tenth as fast,
and even the wind emitted by the mas-
sive, luminous stars called O stars is
slower by 1,000 kilometers per second.
Moreover, the mass of R136a is being
dispersed by the wind at a rate such that
in 1,000 years it loses an amount of mass
equivalent to the mass of the sun. (In a
day it loses the equivalent of the mass
of the earth.) The loss of mass for the
“windiest” of the O stars is 100 times
slower, and for the sun it is a billion
times slower still.

From the overall pattern of the ultra-
violet spectral lines Cassinelli and his
colleagues infer that the temperature of
R136a is 60,000 degrees Kelvin. The as-
signment of such a temperature leads
to the further conclusion that the intrin-
sic luminosity of R136a is 100 million
times the intrinsic luminosity of the sun.
It also yields an estimate of the mass of
R136a. A single star with 100 million
times the luminosity of the sun must
have about 3,000 times as much mass,
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LEADING
EDGE

#2 ina series of reports on new technology from Xerox

Few inventions have proved more versatile than
the laser.

It has been used as a super signal lamp for space
communications. It has found a role in exotic metal-
working applications, and the incredible precision that it
offers has made new kinds of brain and eye surgery
possible.

A system for playing TV shows from phonograph-
like disks uses a laser to “read” the recorded program
material.

Lasers are used in various forms of measurement
and information handling systems. For example, one
version of the bar-code reader used in supermarkets
employs a laser scanner.

The Hologon Laser Scanner is one of the latest
developments in practical applications of laser technology.
It was invented by Xerox optical physicist Dr. Charles
Kramer who wrote this article.

Lasers In Electronic Printing

At Xerox we use lasers in electronic printing
systems that are based on xerography. Instead of
making copies of existing documents, such printers
create documents, drawing on information stored
in a computer. In such a system, signals from the
computer pulse the laser beam as 1t scans across a
light-sensitive drum or belt that serves as the
“camera film” in xerography. The image recorded
in this way is then developed and transferred to

paper as in a copier.

Laser electronic printers offer the quality of
offset printing with significant versatility com-
pared with conventional computer printers. There
is virtually no meaningful limit to format or to
type style or size. Pictorial or other graphic
material can be printed as easily as text. Arabic,
Greek or Russian alphabets—even Oriental ideo-
grams— are within its capabilities, provided appro-
priate programming is fed into the printing system.

Equally significant is the fact that, with
electronic printing, documents originated in one
location can be printed simultaneously at a number
of difterent locations.

Xerox currently offers three such systems. The
9700 electronic printing system turns out almost
two pages per second and has almost unlimited flex-
ibility when it is used with the Xerox Integrated
Composition System program. The 5700 elec-
tronic printing system is up to 40 times faster than
conventional word-processing printers, which it
canreplace, and it can also be used for electronic
mail and remote computer printing. A similar
printer is offered as part of the Xerox 8000 net-
work system. Designed for lower-volume applica-
tions, it is twelve times faster than a conventional
word-processing printer.

In these printers, the scanning action of the
laser beam is created by a relatively complex opti-
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cal system that is based on a rotating, polygonal
prism. Extremely high precision is required in such
a system. This complexity and precision make such
a laser scanner relatively expensive.

The Hologon Laser Scanner

To simplify laser scanners and reduce their
cost, we considered holography to perform the
functions of costly lenses and prisms.

Holographic recordings, best known for their
reproduction of three-dimensional images, take the
form of gratings—corrugated or ridged patterns
on a transparent medium, having a spacing of
approximately twenty millionths of an inch. In
pictorial holograms, these gratings contain the
recorded cross section of the wavefront of light

Hologon Laser Scanner

‘:::1\

novel configuration.

In a Hologon, a series of holographic gratings
are formed around the circumference of a trans-
parent disk. A laser shines through these gratings as
the disk rotates. The gratings diffract the laser light,
and the rotating action causes it to scan across the
surface on which it is focused, as shown in the
accompanying diagram. Focusing is done by a
simple, inexpensive lens.

The laser beam in this system is aimed so that it
forms a nominal 45° angle to the Hologon’s sur-
face asit enters a grating and a 45°angle as it
emerges from the grating. In other words, it is dif-
fracted through a right angle by the gratings. This
angling results in a straight-line scan.

Because of the optical properties of the holo-
graphic gratings, the 90° diffraction angle of the
beam is maintained even if the Hologon surface
wobbles as it rotates. The beam angle is equally un
affected by eccentricities in the rotating disk.

This insensitivity to mechanical variation,

\ \\ plus the ease and low cost with which Hologon
| .\ disks canbe produced, make a Hologon laser
;\‘:\ scanning system relatively inexpensive.

-
-

Motor

that had been reflected from the pictorial subject.
When coherent light—usually from a laser—is
transmitted through such a hologram, a true three-
dimensional image of the subject is reproduced.

However, the holographic gratings used in a
Hologon scanning system do not contain pictorial
information. Only the optical diffraction proper-
ties of the gratings are utilized.

The Hologon System is one of several holo-
graphic approaches to scanning. But the others
tend to scan in an arc-like pattern which is unsuit-
able for electronic printing, which requires a
straight-line scan, much like the raster pattern used
in television to create an image. The Hologon
approach gets around this problem through a

XEROX® isatrademark of XEROX CORPORATION

“7 N\

Work is currently underway at Xerox
\, onanew generation of laser printing sys-
N\ tems utilizing the Hologon laser scanner
. with all its attendant benefits. This

L\

L \\should enable Xerox to make the

advantages of electronic printing
more widely available than ever
before.

About The Author
Dr. Charles Kramer is the inventor of the
Hologon Laser Scanner. He is an optical physicist
specializing in electro-optical reading and printing
devices at the Xerox Joseph C. Wilson Center for
Technology in
Rochester, New York.
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and a Master’s degree
in Physics from
Fairleigh Dickinson
University and a
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from the University
of Rochester.
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or the pressure exerted by the emitted
radiation would make the star explode.

An alternative explanation is that
R136a is a cluster of bright stars, but
Cassinelli and his colleagues doubt this
hypothesis. For one thing, a surface
temperature approaching 60,000 de-
grees K. is attained among known stars
only by the hottest O stars, the ones des-
ignated O3. They are extremely rare;
only a few have been observed in our
galaxy. It would take some 30 of them to
emit 100 million times the luminosity of
the sun, and in R136a they would have
to be found in a volume just one light-
year in diameter. Even then the particle
wind at 3,500 kilometers per second
would be hard to explain.

The most recent contribution to the
arguments about R136a was made in
January, when two investigators report-
ed their measurement of the spectrum
of R136a at visible wavelengths. Peter S.
Conti of the University of Colorado at
Boulder recorded the spectrum with the
four-meter telescope at the Cerro To-
lolo Inter-American Observatory; then
Dennis Ebbets of the University of Wis-
consin at Madison subjected it to a tech-
nique of image enhancement. The effort
revealed emission lines, each one broad
but faint. The lines signaled the presence
of helium and nitrogen. The nitrogen at-
oms had been stripped of two, three or
even four electrons. An optical spec-
trum consisting of weak emission lines
from a very hot object rich in helium
and nitrogen is in many cases the signa-
ture of a Wolf-Rayet star of the type
designated WN. It is thought such a star
begins its lifetime with a mass between
30 and 50 times that of the sun; then,
however, it loses enough of its mass to a
stellar wind for its core to be exposed.
The core is rich in the helium and nitro-
gen synthesized by nuclear fusion. Some
160 Wolf-Rayet stars are known in our
galaxy, and a few dozen have been
found in the Large Cloud of Magellan.

Does R136a harbor a supermas-
sive, superluminous, unstable star with
a Wolf-Rayet spectrum? Does vigorous
convection bring helium and nitrogen to
the surface of such an object, so that
they are promptly cast off as part of
a stellar wind? Conti, in collaboration
with Philip L. Massey of the Dominion
Astrophysical Observatory in Canada,
has been searching for Wolf-Rayet stars
in M33, a nearby spiral-arm galaxy
viewed almost face-on from the earth.
In five bright H 11 regions they chose 14
luminous stars. Eight of them turned
out to have a Wolf-Rayet spectrum.

The Purloined Letters

In the adult human being the main
structural components of the hemo-
globin molecule are the proteins alpha-
globin and beta-globin. A defect in ei-
ther of the two types of globin chain
renders the molecule useless for its func-

tion of carrying oxygen. In one form
of the genetic disorder beta-thalassemia
few functional beta-globin chains are
made. About a year ago it was shown
that the deficiency results from a point
mutation: a defect at a single site in one
of the beta-globin genes. Now Meinrad
Busslinger, Nikos Moschonas and Rich-
ard A. Flavell of the National Institute
for Medical Research in England have
shown how the minute genetic imper-
fection leads to the clinical condition.

A point mutation alters one of the
pairs of nucleotide bases that make up
the DN A double helix. In some cases the
substitution of one base pair for another
leads directly to the substitution of one
amino acid for another in the corre-
sponding protein. The defect responsi-
ble for beta-thalassemia, however, acts
through a subtler mechanism, and in-
deed it lies in a region of the gene that
does not code for amino acids. The new
base pair provides incorrect informa-
tion to the enzymes that assemble the
messenger RNA (mRNA) from which
beta-globin is made. As a result an extra
piece of RNA is included in the finished
messenger molecule. When the beta-
globin chain begins to be translated into
protein, the extra RN A causes the proc-
ess to go awry and then stop premature-
ly, yielding a truncated and nonfunc-
tional beta-globin molecule.

The beta-globin gene is about 1,500
base pairs long. As in all genes the ge-
netic information is encoded in the se-
quence of the four nitrogenous bases ad-
enine, thymine, guanine and cytosine,
abbreviated 4, 7, G and C. 4 can bond
only to T and C only to G. Beta-globin
mRNA is not formed directly from the
beta-globin gene. The reason is that the
sequence of nucleotides specifying the
protein is split into three coding regions,
called exons; between the exons are two
noncoding stretches of the gene, known
as introns. In the manufacture of beta-
globin mRNA an RNA precursor mole-
cule is made first, corresponding to the
entire beta-globin gene. A group of en-
zymes working together cut out the seg-
ments of the precursor corresponding
to the introns. Other enzymes then splice
the three segments corresponding to the
exons to yield an mRNA molecule with
the code for the 141 amino acids of the
beta-globin chain.

In 1980 David Westaway and Robert
Williamson of St. Mary’s Hospital Med-
ical School of the University of London
purified the beta-globin gene from a pa-
tient with beta-thalassemia and deter-
mined the sequence of nucleotides. The
gene included the base pair 4-T where
C-G is normally found. The mutation
was within the first intron, 19 nucleo-
tides from the junction with the sec-
ond exon. Busslinger, Moschonas and
Flavell combined the gene purified by
Westaway and Williamson with a plas-
mid (a free bacterial gene) called SV40-
pBR328. The plasmid provides a means
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by which a gene can be inserted into a
cell where it is not ordinarily found; the
inserted gene can then be expressed by
the host cell’s machinery of protein syn-
thesis. The plasmid with the attached
beta-thalassemia gene was put into a
colony of the human tumor cells called
HelLa cells.

Busslinger, Moschonas and Flavell
describe their findings in Cell. In the
HelLa cells the transcription of the gene
to form the RNA precursor was ac-
complished without incident. When the
transformation of the precursor into
mRNA began, however, the mutation
disrupted the normal flow of events. The
assembly enzymes cut the precursor at
the point of the A-T substitution rather
than at the point corresponding to the
junction of the first intron and the sec-
ond exon. As a result when the coding
regions were joined, an intervening seg-
ment of 19 nucleotides derived from the
intron was included in the new mRNA
molecule.

The explanation of the incorrect cut
and splice is that the mutation creates a
group of nucleotides closely resembling
those at the end of the intron. The final
sequence of the intron is CCCTTAG.
The correct sequence at the site of the
mutation is CTATTCG, but the sub-
stitution converts it into CTATTAG.
When the enzymes begin to work on
the precursor molecule, they recognize
the mutated sequence as a signal to
cut the strand. Hence the last 19 nucleo-
tides of the intron are incorporated into
the mRNA.

The mRNA with the supernumerary
nucleotides enters the cytoplasm of the
cell, where a ribosome begins to con-
struct the beta-globin protein. Twenty-
nine amino acids are assembled correct-
ly. The ribosome then reaches the point
where the additional nucleotides are in-
serted. The nucleotides derived from the
noncoding regions offer incorrect infor-
mation to the ribosome, and six incor-
rect amino acids are added to the beta-
globin chain. Then a group of three
nucleotides at the end of the inserted
sequence is reached that is identical with
the signal to terminate protein synthe-
sis. Translation ends and the mRNA is
freed from the ribosome before the rest
of the beta-globin chain can be made.

The defective beta-globin consists of
only 35 amino acids (six of them in-
correct) instead of the normal 141;
such a molecule is not functional. Buss-
linger, Moschonas and Flavell can thus
account for the manufacture of the ab-
normal hemoglobin. In beta-thalasse-
mia patients, however, a few normal
beta-globin chains are also formed, and
it is not clear how to explain their pres-
ence. About 10 percent of the mRNA
molecules observed in the HeLa cells
are normal, as are about 10 percent of
the beta-globin chains in the cytoplasm.
When the RNA precursor is being cut
and spliced to yield mRNA, the en-
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zymes must be positioned so-that it is
probable they will make the incorrect
cut, but it must still be possible for the
correct cut to be made.

Constant Endeavor

Physical interactions outside the nu-
cleus of the atom are governed
almost entirely by two fundamental
forces of nature: gravitation and electro-
magnetism. Qualitatively the two forces
are similar, but in absolute strength they
are profoundly different. Now remea-
surements of the numerical constants
that define- the strength of the two for-
ces have slightly improved the accuracy
with which they are known. The new
value of G, the constant of the gravita-
tional force, is 6.6726 + .0005 X 10-11
in the standard units of the meter-kilo-
gram-second system of measurement.
The corresponding constant of electro-
magnetism is the dimensionless quanti-
ty called the fine-structure constant and
designated a (the Greek letter alpha); its
new value is 1/137.035965 + .000012.

In order to measure G, Gabriel G. Lu-
ther of the National Bureau of Stan-
dards and William R. Towler of the Uni-
versity of Virginia performed a refined
version of the experiment first carried
out by the British investigator Henry
Cavendish in 1798. Luther and Towler
suspended a small dumbbell with a mass
of about five grams from a quartz fiber
12 micrometers in diameter and 40 cen-
timeters long. Two larger spherical mas-
ses were arranged so that the gravita-
tional force between each large mass
and one end of the dumbbell tended to
twist the fiber. When the dumbbell was
made to oscillate about the axis of the
fiber, the torque introduced by the gravi-
tational interaction altered the period of
the oscillation. By measuring the period
when the masses were at various dis-
tances, Luther and Towler were able to
calculate their value of G.

The determination of a was done by
D. C. Tsui and A. C. Gossard of Bell
Laboratories and B. F. Field, M. E.
Cage and R. F. Dziuba of the National
Bureau of Standards. They exploited a
novel feature of a well-established phys-
ical effect. If an electric current is passed
through a thin metal plate in a magnetic
field, a potential difference arises along
the direction perpendicular to both the
current and the field. The induced volt-
age is called the Hall potential, after
E. H. Hall of Johns Hopkins Univer-
sity, who first reported it in 1879. Klaus
von Klitzing of the University of Wiirz-
burg has recently shown that in certain
semiconductors at low temperature the
Hall potential is quantized: it changes
stepwise instead of continuously as the
strength of the magnetic field is varied.
From the quantized changes in the Hall
potential a can be measured indirectly.

The new determination of a is not in
itself superior to earlier measurements.
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Because the new measurement is inde-
pendent of the others, however, the re-
sult can be combined statistically with
the best previous measurements to yield
the currently reported value.

Adding another decimal place to the
accuracy of constants, even when they
are already known with considerable
precision, is of great interest to physi-
cists. The value of G determines the or-
bital periods of the planets and of other
orbiting systems, such as binary stars. It
can also be employed, as Cavendish re-
alized, to give the mass of the earth and
other planets. Similarly, the value of a
determines the size, the period and the
energy of an electron’s orbit in an atom.

Seven Hypotheses

For theories that would explain the ap-
parent mass extinctions at the end of
the Mesozoic era, some 63 million years
ago, the discovery of sediments enriched
in the element iridium has added a new
item of evidence. Many marine species
of foraminifera seem to disappear from
the fossil record at the end of the Meso-
zoic (which is also the boundary be-
tween the Cretaceous and the Tertiary
periods); so do certain land plants and
many species of reptiles, including all
Cretaceous dinosaur species. Walter Al-
varez and his associates at the Universi-
ty of California at Berkeley, who dis-
covered the iridium anomaly, proposed
in 1980 that the extinctions resulted

from a catastrophic collision between -

the earth and an asteroid some 10 kilo-
meters in diameter. Not all paleontolo-
gists agree with this interpretation, but
most proposed explanations of the ex-
tinctions now take the iridium evidence
into account.

At the annual meeting of the Ameri-
can Association for the Advancement of
Science in January seven hypotheses
about the extinctions were presented.
Alvarez was one of the speakers; he re-
ported on a recent finding that appears
to weaken his group’s hypothesis with
respect to the catastrophic extinction of
dinosaurs. At Hell Creek, a fossil-rich
site in northeastern Montana, Alvarez
and William Clemens of Berkeley found
an iridium enrichment at the base of
a layer of coal dating from the Paleo-
cene, the first epoch of the Tertiary pe-
riod. The most recent dinosaur fossil at
Hell Creek, a Tyrannosaurus femur, lay
three meters below the iridium layer and
fossils of typical Paleocene animals lay
two meters below the layer. Thus, on
the Hell Creek evidence, the dinosaurs
in this part of the New World were
gone long before the event that deposit-
ed the iridium.

In the Alvarez hypothesis the actual
mechanism of extinction was a blotting
out of solar radiation by clouds of dust
thrown up into the atmosphere. John
O’Keefe of the Goddard Space Flight
Center of the National Aeronautics and
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Space Administration favors a similar
mechanism but suggests the cause was a
volcanic eruption on the moon.

Dewey McLean of the Virginia Poly-
technic Institute and State University
also argues for a volcanic catastrophe,
but one on the earth: the huge Deccan
eruption that left 300,000 square kilo-
meters of the Indian subcontinent bur-
ied under lava more than two kilometers
deep. The massive eruption, McLean
suggests, saturated the atmosphere with
carbon dioxide and made the surface
waters of the oceans acidic, dissolving
the foraminiferans’ shells and causing a
“greenhouse effect” fatal to land organ-
isms. McLean’s hypothesis also explains
the iridium layer without invoking an
asteroid collision: with oceanic popula-
tions greatly reduced, the steady rain
of iridium-rich micrometeorites would
have collected on the sea floor undiluted
by the normal and equally steady rain of
plankton skeletons.

Stefan Gartner of Texas A. & M. Uni-
versity proposes still another catastroph-
ic event, this one resulting from the re-
shuffling of the continents by plate tec-
tonics. During the Cretaceous, Gartner
contends, the Arctic Ocean was a land-
bound lake, turned from salt to brackish
water by steady rainfall. When Green-
land and Norway separated, the Arctic
water surged free, forming a brackish
layer 150 meters deep over the surface
of the other oceans. This sudden envi-
ronmental change destroyed the plank-
ton, interrupting the ocean food chain
and leading to mass marine extinctions.
The decline in ocean salinity also gave
rise to fluctuations of temperature and
rainfall on land that caused the terres-
trial extinctions.

Leo Hickey of the Smithsonian In-
stitution supports Clemens’ gradualist
hypothesis for the land extinctions
but agrees that a minor asteroid im-
pact, enough to darken the sky for a
short time, could have been responsible
for the extinctions in the sea. Finally,
Thomas J. M. Schopf of the University
of Chicago, another gradualist, suggests
that the proposed sudden mass extinc-
tions were neither sudden nor massive.
“Extinction is the normal way of life,”
Schopf stated at the AAAS meeting. As
for the dinosaurs, they “had the bad for-
tune to be in the wrong place at the
wrong time, a fate that eventually comes
to all species.”

Terabits by Soliton

Solitons, or solitary waves, neither
crest nor dissipate; instead they
propagate without changing their shape.
Until recently, however, it was widely
thought they were so difficult to gener-
ate that they could not be put to work.
Now Akira Hasegawa and Yuji Koda-
ma of Bell Laboratories have found a
use for solitons: they can modulate a
train of light waves into pulses that car-
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ry information through optical fibers.
Moreover, solitons are not hard to gen-
erate: under suitable conditions any in-
put waveform will rapidly alter its ini-
tial shape and form at least one soliton.
Because a pulse of light modulated by a
soliton can be as brief as a trillionth of a
second, a communications system based
on soliton pulses would have an enor-
mous capacity for transmitting informa-
tion. Hasegawa and Kodama discuss
soliton communication in Proceedings
of the IEEE (Institute of Electrical and
Electronics Engineers).

The classic example of a soliton was
an isolated wave on the surface of the
water in a channel, observed in 1844 by
the British naval architect John Scott
Russell. In an optical fiber the kind of
soliton being considered as an aid to
communications would not be formed
by the individual electromagnetic waves
that function as carrier waves for the
signal. Instead the soliton would be a
wave envelope, a waveform superposed
on the continuously generated carrier
waves in order to modify them and so
transmit information. Mathematically,
however, the envelope solitons are ana-
logues of the classic solitary waves.

Any complex wave is made up of nu-
merous simple sine-wave components at
various frequencies, which add by su-
perposition to create the complex wave.
The complex wave tends to disperse be-
cause the velocity of the low-frequency
components is greater than the velocity
of the high-frequency ones. As the wave
propagates and its components sepa-
rate, its initial shape tends to flatten out.
In a soliton, however, the dispersion is
balanced by the continuous transfer of
the energy in the lower-frequency com-
ponents to the higher-frequency compo-
nents. Because the frequency dispersion
and the energy transfer must cancel
each other exactly, it once seemed soli-
tons would be a rare natural phenome-
non that could not be reproduced with-
out precise controls. It is now known
they can be made readily.

Solitons in an optical fiber were first
produced last year by Linn F. Molle-
nauer, Roger H. Stolen and J. P. Gor-
don, also of Bell Laboratories. By su-
perposing the soliton wave on a carrier
wave at infrared frequencies, the inves-
tigators were able to generate pulses of
light that lasted for only two trillionths
of a second. Hasegawa and Kodama cal-
culate that this result can be improved
by a factor of two. They contend that
in practical applications a transmission
rate of one terabit (one trillion bits per
second) could be achieved over dis-
tances of 30 kilometers with 10 watts of
input power. An input of 10 watts is too
much to be feasible, but solitons could
transmit 100 billion bits per second with
an input power of 10 milliwatts. Such a
rate would represent an improvement
over the best current transmission rates
in optical fibers by a factor of 300.
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dao it all yourself. To experiment To
explore the possibilities.
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hexa-photo-cybernetic

The Possibilities are Endless.

There are over forty fine Canon
lenses ranging from Fish Eye o
Super Telephoto. plus accessories
to meet every need. If you cant
photograph your subject with a
Canon A-1, it probably can't be
photographed

From the sophistication of its
LED viewfinder display. to a rugged-
ness that allows up to five-frame-
per-second motor dnive. the Canon
A-1 represents an incredible tech-
nology At a price that makes
owning one a definite possibility
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THE NEW CHRYSLERS

We've re-engineered the American luxury car.

The Chrysler LeBaron Series.
They are like no other cars in
America, Europe or Japan.

No othersix-passenger carcom-
bines the high mileage, luxury and
unexpected price of the surprising
LeBaron coupe and sedan”* They
stand alone.

LeBaron is built in one of the
world’s most technologically ad-
vanced plants. Computer-directed
robots assure precision welding,
and along with special sound insu-
lation this accuracy helps make
LeBaron a car of unusual qualityand
quietness on the road.

With advanced front-wheel-
drive and a refined suspension sys-
tem, LeBaron assures sure-footed
traction, cornering and a sense of
confidence behind the wheel. And
LeBaron is equipped with a sophisti-
cated electronic fuel system that’s
computer-directed.

And to further
assure quality, the
LeBaron Quality As-
surance Program of
200 inspections is
the most demanding
ever for a Chrysler.

In LeBaron you will find your
new car. In your new car you will
find the genius of Chrysler engi-
neering. The series includes the
ultimate luxury, LeBaron convert-
iblet and the functional luxury of
the new Town & Country.

Chrysler LeBaron coupe base

sticker price 58,143.'40' h @ e

Today Chrysler engineering is set-
ting new standards for the auto indus-
try. In Computer Aided Design (CAD)
and Computer Aided Testing (CAT)
Chrysler is so advanced that two auto
companiesand Boeing bought Chrysler
programs. In Computer Aided Manu-
facturing (CAM)our automaticwelders
help build quieter cars with better fit
and appearance. And by predicting
parts endurance through plastic simu-
lation, we build longer life into our
new Chryslers.

The Chrysler Cordoba.
Engineering excellence in
a personal luxury car.

Hereisthe sophisticated design
and road manners a fine car should
possess. Cordoba’s riding comfort
and privacy from road noise are
simply astounding, the result of a
refined suspension system created
with the aid of computer design.

Power steering, power front
disc brakes and automatic transmis-
sion are all standard, all matched to
a smooth and supple six-cylinder
engine that was honed to excel-
lence for drivers who love to drive.

Come. Come to Cordoba. Come
for elegance. Come for excellence.
Come for Chrysler engineering.

Chrysler Cordoba base sticker

price 59,197' 22 L"\:v 18 EE‘;T;

The Chrysler New Yorker.
The best luxury car value
in America.

The sleek, new contemporary-
sized New Yorker is crafted in the
great Chrysler tradition of personal
attention to engineering quality.
And it is fitted with so many stan-
dard luxuries that it is the best-
equipped luxury car value in its
class. No other luxury car matches its
combination of astonishing equip-
ment and favorable price.

New Yorker standard luxuries
include * 60/40 Cloth & Vinyl Seats
with Passenger Recliner = Air Can-
ditioning = Automatic Transmission
* Electronic Ignition System * Dual
Horns * Power Front Disc Brakes
* Power Windows * Power Steering
* Premium Wheel Covers + WSW
Steel Belted Radials * AM Radio
* Electronic Digital Clock » Special
Sound Insulation * Galvanized Steel
for Corrosion Protection * Front Tor-
sion Bar Suspension System
* Halogen Headlamps * Rear Win-
dow Defroster * Premium Plush Pile
Carpeting * Dual Remote Mirrors
* Tinted Glass * Trunk Dress Up
* Bumper Guards * Warning & Inte-
rior Light Packages * And More,

The plush new New Yorker is
the flagship of
Chrysler luxury,
Chrysler value,
Chrysler engi-
neering. It drives
on pride.

22:. 18] | Chrysler

THe New CHrysLER CORPORATION

*Sticker price e:cludir;g taxes, title and destination charges. Cordoba wide WSW tires shown $116 extra. **Use EPA est. MPG for comparison. Actual mileage

may vary due to spee

 trip length and weather Highway and Calif mileage lower. LeBaron ests for coupe and sedan only. fConvertible available late spring,
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Giant Molecular-Cloud Complexes
in the Galaxy

Consisting almost entirely of hydrogen molecules, they are the

most massive objects in the galaxy. They also give rise to most

of the galaxy’s stars. A decade ago their presence was unknown

stronomers who study how stars
form are faced with problems
similar to those faced in the 19th
century by physiologists who sought to
study the growth and development of
the humanembryo. When a star is form-
ing, it is hidden from view; it is sur-
rounded by the opaque cloud of dust
and gas from which it is condensing.
Hence when the cloud is dispersed and
the star is finally seen, the processes that
make it shine are already well under
way. Like a newborn infant, the star has
lost the traces of how it came into being.
One aspect of how stars form is be-
coming accessible. On a large scale it
has been known for some time that the
spiral arms of disk-shaped galaxies such
as our own are delivery rooms for stars.
More recently it has become clear that
the specific birthplaces for most of the
stars forming today in the spiral arms
of our galaxy are giant complexes of
clouds composed primarily of hydrogen
molecules. These complexes share with
certain star clusters the distinction of be-
ing the most massive objects in the gal-
axy. They are, however, much more nu-
merous than the clusters. Indeed, they
lock up a sizable fraction of all the gas in
the galaxy. Yet little more than 10 years
ago they were completely unknown.

Interstellar Gas

A discussion of the giant molecular-
cloud complexes should begin with a de-
scription of the matter of which they
consist, the matter in interstellar space.
Looking at the night sky one might sup-
pose the space between the stars is emp-
ty, but nowhere in our galaxy is mat-
ter completely absent. To be sure, the
matter is extremely rarefied: the average
density of atoms of hydrogen (the most
abundant element) in interstellar space
is less than one atom per cubic-centime-
ter. The interstellar matter takes many
forms. In some places it is glowing gas-
eous nebulae, in others it is dark patches
in the sky that were first noticed because
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they block the light from the stars be-
hind them. Wherever astronomers look
and apparently no matter what scale
they choose for their observations the
interstellar matter is distinctly nonuni-
form. That is, the matter between the
stars is organized everywhere into re-
gions of higher and lower density. One
speaks of the high-density regions as
clouds and of the low-density regions as
intercloud gas.

Until recently it was thought the
clouds consist of hydrogen atoms with a
small admixture (about 10 percent) of
helium atoms and trace amounts (add-
ing up to no more than a few percent) of
atoms heavier than helium atoms. In ad-
dition about 1 percent of the mass of
a cloud was (and still is) thought to be
solid dust particles of microscopic size.
The dust particles attenuate the light of
background stars: they absorb it at visi-
ble wavelengths and reradiate it in the
infrared. As a result the clouds tend to
be opaque.

In the past decade this view of the
composition of the clouds has changed
in one respect: it has been discovered
that many of the clouds are made up not
of atoms but of molecules. The differ-
ence is crucial: molecular clouds are
typically much colder and denser than
atomic clouds. At present the most
widely accepted view is that between
10 and 50 percent of the gas in the gal-
axy is molecular. An individual cloud
is almost entirely molecular or almost
entirely atomic, but it appears that the

largest molecular clouds are embedded
in envelopes of atomic gas.

A molecule of course consists of two
or more atoms bound together in a sta-
ble unit. It is the smallest parcel into
which a compound can be divided and
still maintain its chemical properties.
Molecules, like atoms, emit and ab-
sorb electromagnetic radiation only at
specific and characteristic wavelengths.
Each such wavelength corresponds to a
spectral line: a narrow peak (or a bright
line) in the spectrum of the radiation
emitted by the molecule or a sharp dip
(or a dark line) in the spectrum of the
radiation passing through a gas made up
of the molecules. For a typical molecule
hundreds of spectral lines are detect-
able, and the wavelength of each line
can generally be measured with an accu-
racy of better than one part in a million.
Hence if several spectral lines are de-
tected in the radiation from a particular
direction in the sky, and if the lines are
known to characterize a particular mol-
ecule, the probability of a misidentifica-
tion is vanishingly small.

Rotating Molecules

This is not to say the identification
of the molecules in a giant molecular-
cloud complex is completely straight-
forward. The most notable difficulty
is that hydrogen molecules cannot be
identified directly from their radiation

_at the temperature of about 10 degrees

Kelvin (10 degrees Celsius above abso-

MOLECULAR COMPLEX in the constellation Monoceros is a clumpy distribution of cold
dust and molecular gas some 800 parsecs (2,600 light-years) from the solar system. The dust
blocks the light from the stars behind it, but the extent of the complex is best revealed by the
electromagnetic radiation that carbon dioxide molecules emit from inside the complex at a
wavelength of 2.6 millimeters. Here the pattern of the radiation, as mapped by the author with
the 1.2-meter radio telescope at Columbia University, is displayed as a set of contour lines on a
mosaic of four plates from the Palomar Sky Survey. The contours suggest that the complex
consists of two clouds joined by a slender bridge. The lower cloud lies behind a glowing nebula.
(The photographs are negatives, and so the nebula looks dark.) The nebula consists of hydro-
gen that has been dissociated into atoms and then ionized by the ultraviolet radiation from a
single massive star, visible as the black dot at the top of the densest clump in the lower cloud.
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lute zero) that typifies most parts of
a molecular cloud. Fundamentally the
molecules in a giant molecular-cloud
complex are rotating, and the rotation
(as viewed from a distance) is equivalent
to a periodic oscillation of the mole-
cule’s electrons. In effect the rotation
shuttles the electrons back and forth,
much as they would move in a radio
antenna. A given molecule rotates only
at discrete rates, and the transition from
a higher rate to a lower one is accom-
panied by the emission of radiation by
the electrons.

It is thought 99 percent of the mass of
a giant molecular cloud is molecular hy-
drogen. The hydrogen molecule, how-
ever, is symmetrical about its axis of ro-
tation. Therefore the average position of
the two electrons in the molecule is on
the axis of rotation. As a result the rota-
tion of each molecule (as viewed from a
distance) is not accompanied by an os-
cillation of electrons. What is more to
the point, a change in the rotational state
of the molecule is not accompanied by
the emission of radiation.

Fortunately many of the molecules
present in trace amounts in a giant mo-
lecular-cloud complex are not symmet-
rical around their axis of rotation. In
such molecules the average positions of
the electrons are at a distance from the
axis. The collisions between molecules
(both symmetrical and asymmetric) in
a complex are sufficiently frequent and
sufficiently energetic to yield numerous
transitions between rotational states.
The transitions of the asymmetric mole-
cules account for the radiation the com-
plex emits. Typically the radiation has a
wavelength between a few centimeters
and a fraction of a millimeter; thus it

can be detected with radio telescopes on
the earth.

As of now some 53 different mole-
cules have been firmly identified in in-
terstellar space and four more have been
tentatively identified. Many of them,
including some of the most abundant
ones, are simple molecules also found
on the earth. Four examples are HyO
(water), CO (carbon monoxide), NHj
(ammonia) and HyCO (formaldehyde).
Many others, including OH and HCO +,
are known on the earth only in the labo-
ratory; they are too reactive to exist at
the densities of matter typical on the
earth. Still others, including C4H, HC;N
and HCyN, have never been detected on
the earth even in the laboratory. These
last have been identified in interstellar
space on the basis of theoretical calcu-
lations. Specifically, the assignment of
an otherwise unexplained spectral line
to a certain hypothetical molecule en-
ables one to predict the wavelengths of
other lines in the molecule’s spectrum.
The subsequent detection of some of
those other lines confirms the presence
of the molecule.

One of the more complex gaseous
molecules detected so far in interstel-
lar space is CH3CH;OH, known on the
earth as ethyl alcohol or vodka. Accord-
ing to Ben M. Zuckerman of the Univer-
sity of Maryland at College Park and his
colleagues, the amount of the stuff at
the center of our galaxy could fill the
volume of the earth more than 10,000
times. Estimates of the water content in
the molecular clouds containing the eth-
yl alcohol indicate, however, that the
water is 100,000 times more abundant.
The alcohol is therefore bottled in the
cloud at only .002 proof. In addition it is

CHARGE AXIS iC_I_z. ROTATION AXIS

ROTATING MOLECULES are the source of the electromagnetic
radiation detected from giant molecular complexes. Carbon monox-
ide (/ef?) is an asymmetric molecule: its oxygen atom is more massive
than its carbon atom; hence the molecule spins on an axis that is clos-
er to the former. The resulting asymmetry of the molecule’s electric
charge around the axis of rotation means that the charge oscillates
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laced with such unpotables as HCN (hy-
drogen cyanide).

Of all the gaseous molecules detected
so far the large majority are composed
of hydrogen, carbon, nitrogen and oxy-
gen. (A few include silicon and sulfur.)
This composition mirrors the relative
cosmic abundances of the chemical ele-
ments. Hydrogen and helium (which
is not found in molecules because it is
chemically inert) are the principal ele-
ments that formed when the universe
began, and carbon, nitrogen, oxygen and
helium are the principal elements pro-
duced by nuclear fusion deep inside
stars. The elements synthesized inside
stars are released into interstellar space
in several ways. Some stars (perhaps all
of them) emit “winds” of particles, in-
cluding the atomic nuclei synthesized by
nuclear fusion. Some stars blow off an
outer envelope of matter in the process
of becoming novas. Finally, some stars
explode catastrophically and become
supernovas. Most of their mass is ex-
pelled into interstellar space.

The Importance of CO

The molecule most responsible for
the growing understanding of the large-
scale properties of giant molecular-
cloud complexes is carbon monoxide,
which was first identified in interstel-
lar space by Robert W. Wilson, Keith
B. Jefferts and Arno A. Penzias of Bell
Laboratories. Carbon monoxide is only
about a ten-thousandth as abundant
as molecular hydrogen in space, but it
radiates strongly at low temperatures.
Moreover, more than any other mole-
cule detected in space it appears to be
coextensive with molecular hydrogen.

L~ ROTATION AXIS

CHARGE AXIS

as the molecule spins. When the spin decreases from one discrete rate
to another, the molecule emits radiation at characteristic radio wave-
lengths. Hydrogen (right) is a symmetrical molecule: it does not emit
radiation merely because it spins. Therefore molecular hydrogen can-
not be identified directly in most of a giant molecular complex even
though it makes up more than 99 percent of the mass of the complex.



(It is collisions with molecular hydrogen
that give carbon monoxide a variety of
rotational states and allow it to emit ra-
diation.) Thus the radiation from car-
bon monoxide serves as a tracer of the
interstellar molecular gas, much as a
stain can reveal undetected structure in
living tissue.

In 1973 Kenneth D. Tucker and Marc
L. Kutner of Columbia University,
working with Patrick Thaddeus of the
Goddard Institute for Space Studies,
attempted to determine the extent of
a giant molecular cloud in proximity
to the Horsehead Nebula, a bright gas-
eous patch in the constellation Orion.
They found that the cloud spans an
area amounting to almost six square de-
grees of the sky, or 30 times the area
covered by the moon.

The great extent of the cloud present-
ed a curious problem. Radio telescopes
collect the radiation from an area of the
sky inversely proportional to their di-
ameter; hence a large telescope yields
measurements of the radiation from
small areas. The telescope used by
Tucker, Kutner and Thaddeus was the
five-meter instrument at the McDonald
Observatory in Texas. It can measure
the radiation from the carbon monoxide
in circular patches of the sky with a di-
ameter of only 2.3 minutes of arc. With
a week of observing time the investiga-
tors sampled the radiation from only
about 150 positions in the cloud; to map
the cloud completely in 2.3-arc-minute
patches would have taken six months of
full-time work. In any case the molecu-
lar cloud they studied is now known to
be only one of about 4,000 such clouds
in the galaxy. Clearly making a com-
plete map of the clouds in the galaxy
would have required an unrealistically
large amount of time.

The simplest way to circumvent the
problem was to design and build a
smaller radio telescope, one that would
examine a larger patch of the sky with
each observation. Thaddeus took that
approach: with several graduate stu-
dents and a few technicians he designed
and built a 1.2-meter telescope on the
roof of the Pupin Physics Laboratory
at Columbia University in the middle
of Manhattan. No professional astron-
omers had attempted observations in
New York City for half a century, but at
the radio wavelengths at which interstel-
lar carbon monoxide is detected New
York remains as pristine as it was when
it was populated only by Indians. (The
carbon monoxide produced today by
urban combustion does not affect the
astronomical observations. Its spectral
lines are broadened by the pressure of
the earth’s atmosphere to such a degree
that they can be unambiguously sub-
tracted from a celestial signal.) Thad-
deus’ new telescope could sample 12
times more sky with each observation
than had been possible before, and so
for the first time a large number of gi-

)
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RECOMBINING ATOMS are the source of the electromagnetic radiation from the glowing
nebulas (called H 11 regions) with which giant molecular complexes such as the one shown on
page 85 are associated. The ultraviolet radiation from young, massive stars dissociates hydro-
gen molecules into atoms (a) and then ionizes the atoms (b), thereby creating a region occupied
almost entirely by free protons (+) and electrons (—). When these particles recombine into at-
oms (c), they emit the radiation that makes the nebula visible. Soon the atoms are ionized again
(d). Most of the ultraviolet radiation inside the H 11 region escapes from the region only after
it has been converted by such a process into electromagnetic radiation at longer wavelengths.

ant molecular clouds could be fully
mapped, although at lower resolution.
The group that did the work at Colum-
bia included Gregory P. Baran, Gordon
Chin, Richard S. Cohen, Hong-Th Cong,
Thomas Dame, George R. Tomasevich
and me.

Meanwhile several other astronomers
working with large radio telescopes sur-
veyed, although incompletely, the dis-
tribution of carbon monoxide in giant
molecular clouds. Charles J. Lada and
Bruce G. Elmegreen of the Center for
Astrophysics of the Harvard College
Observatory and the Smithsonian As-
trophysical Observatory worked with
Anniela I. Sargent of the California In-
stitute of Technology to map the extent
of two giant cloud complexes. Philip M.
Solomon of the State University of New
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York at Stony Brook and Nicholas Z.
Scoville of the University of Massachu-
setts at Amherst studied the inner part
of the galaxy and concluded that a large
fraction of the gas there is contained in
giant molecular clouds.

By 1977 it was understood that the
largest molecular clouds share a num-
ber of characteristics. First, each such
cloud has a mass between 100,000 and
200,000 times the mass of the sun. The
clouds are thus the most massive ob-
jects in the galaxy. The largest globular
star clusters have a comparable mass,
but there are about 20 giant molecular
clouds for each of the galaxy’s globular
clusters. Second, the density of the gas in
each cloud is 100 times greater than the
average density of the interstellar medi-
um. Nevertheless, the interior of a cloud
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is far more rarefied than the best vacu-
um ever produced in laboratories on the
earth. Third, the gas in each cloud is
organized into clumps whose density is
10 times greater than the average densi-
ty in the cloud. In some clouds, clumps
with densities much greater than that
are observed.

Since the gas in a cloud has such a
structure, the cloud is aptly called a gi-

now agreed that most of the stars cur-
rently forming in the galaxy are forming
inside complexes. Some of the clues to
this realization have to do with the na-
ture of stars themselves.

Because the sun is an ordinary star
astronomers find it convenient to adopt
the mass and the intrinsic brightness, or
luminosity, of the sun as units by which
other stars are measured. The visible

MONOXIDE ION (?)

METHYLIDYNE 3 ant molecular-cloud complex. Overall stars have only a small range of mass,
the complexes are irregular in shape, but  from about 60 times the mass of the sun
[._O:I + Q'o their boundaries are well defined. Often  to about a twelfth the mass of the sun.
the complexes are elongated, with their The range of luminosity is much great-
longest dimension not exceeding 100 er. The brightest stars, which are also
METHYLIDYNE ION WATER parsecs. (A parsec is 3.26 light-years, a the most massive ones, are almost a mil-
distance slightly less than the distance lion times as luminous as the sun; the
00 =0 from the sun to the nearest other star.) A dimmest stars are 100,000 times fainter
typical dimension through a complex is than the sun. A star exhausts its nuclear
HYDROGEN Hgﬁﬁgg” about 45 parsecs. fuel (and therefore its mass) at a rate
proportional to the rate at which it emits
. Massive Short-lived Stars energy, mostly in the form of visible
@ [0—.-.] light; hence the brightest stars exhaust
HYDROXYL It was further understood by 1977 their fuel a million times faster than the
RADICAL FORMYL ION that most of the giant molecular-cloud sun. Since they are only 60 times as mas-
complexes (if not all of them) are places sive, they burn out much more quickly.
where stars are forming. Indeed, it is Specifically, the brightest, most massive
-0 -0 stars—the ones designated O stars in the
CARBON HYDROGEN classification based on stellar spectra—
MONOXIDE ISOCYANIDE 4 burn out in about three million years.
The sun is expected to last 3,000 times
-0 -0 longqr than that, and the faintest, least
BONYL massive stars are expected to last at least
MONOSULFIDE Cé0thbE AMMONIA 5 1,000 times longer than the sun.
An attribute of the massive, short-
lived O stars is that they emit most of
=0 O'G)ﬂ }Q =& their radiation in the ultraviolet part of
SILICON HYDROGEN Fhe spectrum. Thu_s theyare bluis}l whit.e
MONOXIDE SULFIDE FORMALDEHYDE CYANOACETYLENE in the sky. More important, their copi-
ous ultraviolet radiation enables them
[ O ] j { ° to ionize much of the interstellar gas
g
SULFUR SULFUR
MONOXIDE DIOXIDE THIOFORMALDEHYDE FORMIC ACID 6 7
&0 ~o=® e }-op o}—oao H
SILICON ETHYNYL HYDROCYANIC
MONOSULFIDE RADICAL ACID METHYLENEIMINE METHYL CYANIDE ACETALDEHYDE
NITROGEN CYANOETHYNYL
MONOSULFIDE IMIDYL ION RADICAL CYANAMIDE FORMAMIDE METHYLAMINE
DIATOMIC FORMYL ISOTHIOCYANIC
CARBON RADICAL ACID KETENE METHANOL VINYL CYANIDE
BUTADIYNYL
NITRIC OXIDE THIOFORMYL ION ACETYLENE RADICAL METHYL MERCAPTAN METHYL ACETYLENE
) 00 Eand &?@ 56:0-8:0-0°0
CARBON PROTONATED
NITROXYL (?) CARBON DIOXIDE (?) METHANE (?) CYANODIACETYLENE

MOLECULES IDENTIFIED IN INTERSTELLAR SPACE are
now 53 in number. (Four more, indicated by a question mark, are
tentatively identified.) With the exception of hydrogen each accounts
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for less than .1 percent of the mass of a typical giant molecular-cloud
complex. Many account for less than .0001 percent. Some of them
are molecules common on the earth; others, such as the long cyano-




that surrounds them. That is, the ra-
diation dissociates molecules into their
constituent atoms. It also strips elec-
trons off the nuclei of atoms. When the
free electrons recombine with the nuclei
(although they can do so only briefly
before they are ionized again), the atoms
they form emit radiation at characteris-
tic wavelengths. Most notably, the re-
combination of electrons with protons
to form hydrogen atoms gives rise to an
intense red spectral line. In this way
groups of young stars come to energize
fluorescent gaseous nebulas. Astrono-
mers have given these objects (some of
the most beautiful in the heavens) the
ungainly name H 11 regions.

When astronomers began searching
for carbon monoxide with radio tele-
scopes in the early 1970’s, it soon be-
came clear that the best places to find it
were in the vicinity of H nregions. It can
be said, therefore, that giant molecular-
cloud complexes and H 1 regions are
intimately related. Indeed, a recent sur-
vey by Michel Fich of the University of
California at Berkeley, Antony A. Stark
of Bell Laboratories and me shows that
about 80 percent of all the visible H 11
regions in the galaxy are associated with
molecular clouds. The O stars that ion-
ize the H 11 regions have lifetimes so
short that they cannot have moved far
from their birthplace. (Even at a speed
of 10 kilometers per second with respect
to the gas of a giant molecular-cloud
complex such a star would need an en-
tire lifetime of three million years to
travel 30 parsecs, a distance that might
leave it still inside the complex.) It seems
a safe deduction that the massive, short-
lived O stars form inside the complexes,
and that their ultraviolet radiation ion-
izes the gas that surrounds them, making
it into an H 11 region.

The radiation from the O stars not

only ionizes the gas in a giant molecular-
cloud complex; it also pushes it. Indeed,
the gas can be ejected from the surface
of a complex at a velocity of 10 to 12
kilometers per second. At such a speed
the gas can escape from the cloud’s
gravitational influence. Hence the stars
born in a giant molecular-cloud com-
plex can help to destroy it. In fact, the
rate at which Ostars ionize and push the
gasinacomplexishighenough so that if
stars arise continuously inside the com-
plex, the complex can be destroyed in a
few tens of millions of years.

There is reason to think the stars re-
ally do arise continuously. When an H
1 region and a giant molecular-cloud
complex are contiguous, the pressure of
the radiation leaving the H 1 region and
the pressure of the particle wind from
the O stars inside it combine to drive a
shock into the complex. The shock is
a front along which the temperature,
pressure and density of a gas suddenly
change. Its effect on the complex is to
compress the molecular gas. Under nor-
mal circumstances the pressure inside a
cloud roughly balances the cloud’s self-
gravitation, which would tend to col-
lapse the cloud if its action were unop-
posed. What generates the pressure is a
major unanswered question. The pres-
sure arising from the heat in the cloud at
a temperature of 10 degrees K. is known
to be insufficient. Many investigators
suspect that the magnetic fields in the
gas are important. In any case it seems
possible that when the gas is compressed
by a shock, the self-gravitation of a
clump of gas in the complex can be in-
creased so much that the clump can no
longer resist collapse. The resulting con-
traction could continue until the clump
becomes a star.

Several years ago Elmegreen and
Lada developed a theoretical model of

the effects of a shock in a giant molec-
ular-cloud complex. They analyzed the
interaction of an H 11 region with a uni-
form layer of molecular gas and sug-
gested that the shock caused by one gen-
eration of stars could initiate the forma-
tion of a new generation. More recently
Richard I. Klein of the University of
California at Berkeley and Maxwell T.
Sandford and Rodney Whittaker of the
Los Alamos National Laboratory have
modeled the interaction of an H 11region
and a nonuniform cloud of gas, a more
accurate representation of the structure
of a giant molecular-cloud complex.
They have suggested that a rather vio-
lent process may be important for form-
ing stars: a clump of gas can be driven
inward on itself (in effect, imploded) by
the arrival of a shock.

Inprinciple the triggered formation of
new generations of stars by the older
generations in a giant molecular-cloud
complex could continue until all the
molecular gas in the complex has been
transformed into stars or dispersed into
the interstellar medium. The presence of
several generations of O stars in giant
molecular-cloud complexes such as the
ones associated with the H 11 regions
known as the Orion Nebula and the
Rosette Nebula suggests that this is
the case. There is also observational evi-
dence that stars can form spontaneously
in a giant molecular-cloud complex. For
example, it has been shown by Mark T.
Stier, Daniel T. Jaffee and Giovanni G.
Fazio of the Center for Astrophysics
that massive stars are forming through-
out the giant molecular-cloud complex
associated with the Omega Nebula; they
are not forming just in the part of the
complex that might have been shocked
by the nebula. Furthermore, young,
low-mass stars of certain types, such as
T Tauri stars, are thought to form in
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acetylene chains, have never been detected on the earth even in lab-
oratories. In this illustration the molecules are grouped according to
the number of atoms in each one. The bond angles have been inferred

in part from spectroscopic data. The list was compiled by Paul A.
Vanden Bout and Neal J. Evans of the University of Texas at Austin
and Barry E. Turner of the National Radio Astronomy Observatory.
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parts of molecular complexes that have
not been influenced by some external
trigger. We do not yet know what frac-
tion of stars are triggered into birth and
what fraction form spontaneously, but
then the formation of stars is one of
the less well understood phenomena en-
countered in astronomy.

Cloud Lifetimes

One thing seems plain: all the current-
ly known giant molecular-cloud com-
plexes in the vicinity of the sun (say
within 2,000 parsecs) show evidence
that young stars have recently formed in
them. Sometimes the complexes are as-
sociated with visible stars that can be
seen to be young; sometimes stars still in
the process of forming inside the com-
plexes are detected by their infrared ra-
diation. It therefore seems likely that the
complexes begin to give rise to massive
stars soon after the clouds themselves
take shape. It also seems likely that if the
complexes attained ages of more than
100 million years, the turbulence and
viscosity within them would make them

rounded and give them a clearly defined
dense core. Instead the complexes are
clumpy, irregular objects without an ob-
vious central condensation. The view
that the giant molecular-cloud complex-
es we see today are less than 30 million
years old has not been accepted by all
investigators. Nevertheless, the prepon-
derance of the evidence indicates that
the complexes are quite young by galac-
tic standards, and specifically no older
than a hundredth the age of the sun and
the earth.

If the clouds are young, however,
some mechanism must be continually
forming them in the galaxy. Several pos-
sible mechanisms have been proposed.
For one thing, it is suggested that mo-
lecular clouds probably stick together
when they collide. (Their average colli-
sional velocity is greater than the speed
of sound in the clouds; hence the colli-
sion generates a shock wave, much like a
sonic boom, that dissipates the energy
of the collision. As a result the collid-
ing clouds are not expected to rebound
from each other.) Over a period of time
giant clouds could emerge from the col-

ULTRACOMPACT H II REGIONS invisible at optical wavelengths are inside a giant molec-
ular-cloud complex in the constellation Aquila; they were detected by William J. Welch and
John W. Dreher of the University of California at Berkeley with the radio telescopes in New
Mexico called the Very Large Array. Each bright spot is one such region; its radio emission
(shown in false color) is thought to result from the ultraviolet radiation of a single massive
young star. Apparently the ultraviolet radiation has ionized hydrogen atoms, which in turn
emit radio waves as they decelerate. At a distance from the solar system of about 15,000 par-
secs each H 11 region can be no larger than .04 parsec in diameter; on that assumption the un-
seen stars inside them have only recently begun to ionize their surroundings. They may be less
than 1,000 years old, which would make them the youngest cluster of massive stars known.
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lision of many smaller clouds. The only
problem is that the process is proba-
bly too slow: most calculations suggest
it will work only if the clouds attain
ages greater than a few hundred mil-
lion years.

Another mechanism, proposed by
Frank H. Shu and his colleagues at
Berkeley, is that the formation of giant
molecular-cloud complexes is mediated
by the magnetic field permeating the in-
terstellar medium. The field is carried by
charged particles (ions) in the medium,
but the ions convey the effects of the
field to uncharged particles, mostly by
collisions. In this way instabilities in the
field can cause the medium to flow so
that (Shu proposes) complexes form. A
third mechanism, proposed by Elme-
green, is that the self-gravitation of the
gas swept up in the spiral arms of the
galaxy is sufficient in itself to make
the gas coalesce into units with the size
and the mass typical of a giant molec-
ular-cloud complex. Still other mech-
anisms are sure to be put forward, but
the solution to the problem of how the
complexes form does not seem to be
close at hand.

Cloud Histories

What is known about the complexes
at present suggests that they go through
a characteristic cycle of birth, middle
age and death. Some of the details are
speculative, but the following scheme is
emerging.

As the gas in the galaxy moves in orbit
around the galaxy’s center it periodical-
ly encounters regions where the density
of the interstellar medium is heightened.
These regions are generated by density
waves, which move through the disk of
the galaxy much as sound waves move
through air. The origin of the density
waves, however, is gravitational. Spe-
cifically, the density waves are the re-
sponse of the matter in a galaxy to a
gravitational perturbation that can arise
from a barlike distribution of stars in the
core of the galaxy, from a companion
galaxy or from both. (Our own galaxy
has two massive companions, the Large
and Small Clouds of Magellan. More-
over, some workers have suggested that
the stars in the core of our galaxy have a
barlike distribution.) The density waves
can generate the galaxy’s spiral-arm
structure. In the regions of heightened
density (which probably correspond to
spiral arms or spiral-arm segments) the
gas in the galaxy is somehow collected
into large aggregates. They are the giant
molecular-cloud complexes. If the gas is
initially molecular, small clouds collect
to form the giant complexes. If the gas is
initially atomic, its compression causes
molecules to form.

Once the complexes have arisen, stars
of low mass form throughout them.
Somewhere in most or all of the com-
plexes a clump of gas is sufficiently mas-
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SURVEY OF CARBON MONOXIDE in the inner part of the gal-
axy suggests that much of the molecular gas there is organized into
giant cloud complexes like the ones nearer the solar system. In the
chart the horizontal axis plots galactic longitude from 10 to 50 de-
grees. (Zero degrees signifies the direction to the center of the gal-
axy.) The vertical axis plots the velocity of carbon monoxide with re-
spect to the average velocity of stars near the sun. A given velocity

sive to give rise to one or more O stars.
At first these stars are invisible in optical
telescopes. They can, however, be de-
tected in the infrared. Soon they begin to
ionize the gas that surrounds them. The
result is a compact H 11 region. Even
then the stars are optically invisible, but
the H 11 region can be detected by infra-
red and radio telescopes.

The H 11 region grows until its ionized
gas reaches the surface of the giant mo-
lecular complex. Now the Ostars can be
seen in the midst of the H 11 region they
created. The radiation and the particle
wind leaving the H 11 region dissipate
some of the complex; thus they uncover
some of the low-mass stars that have
been forming. Meanwhile the radiation
and the particle wind compress some of
the remaining molecular gas, possibly
triggering the formation of a new gen-
eration of massive stars. The new stars
continue the processes of ionization and
compression until most of the molecu-
lar gas in the complex is consumed or
blown away. That takes about 30 mil-
lion years. Alternatively, O stars form
spontaneously in the complex (but gen-
erally in clusters) until the complex is
consumed.

As the complex is being consumed
relatively small fragments of the gas can
be accelerated more or less intact into
the interstellar medium by a process first
described by J. H. Oort of the Leiden
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Observatory and Lyman Spitzer, Jr., of
Princeton University. In this process
one face of a fragment is ionized by stel-
lar radiation; then the emission of radia-
tion by the ions themselves propels the
fragment out of the complex. Perhaps
the process gives rise to at least some of
the small clouds of molecular gas de-
scribed by Bart J. Bok of the Universi-
ty of Arizona and known today as Bok
globules. In any case the protons and
electrons ejected from the complex ul-
timately recombine to form neutral
hydrogen atoms. The gas composed of
these atoms becomes part of the inter-
stellar medium. It will resume an orbit
around the center of the galaxy and will
continue to follow that orbit until it
once again encounters a spiral arm. The
processes that form giant molecular-
cloud complexes will then set in anew.

Distribution of the Complexes

The bright stars that form in giant mo-
lecular-cloud complexes clearly define
the large-scale spiral structure of many
galaxies other than our own. It is there-
fore natural to suppose the complexes
in our galaxy might reveal a spiral-arm
pattern. Several groups of workers have
attempted to find one, but the results so
far are ambiguous. For one thing, some
of the surveys are incomplete. In addi-
tion the mapping of spiral arms in the
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corresponds to a particular distance from the center. For example,
the great concentration of gas (red and yellow patches) at velocities
greater than 70 kilometers per second and longitudes from 22 to 34
degrees represents molecular clouds some 4,000 to 7,000 parsecs from
the center. The survey was done by Philip M. Solomon of the State
University of New York at Stony Brook and David B. Sanders and
Nicholas Z. Scoville of the University of Massachusetts at Amherst.

inner parts of the galaxy is difficult be-
cause radio observations reveal only the
velocity of interstellar carbon monoxide
as a function of its direction in the sky.
The velocity, which is determined by the
rotation of the gas around the center of
the galaxy, unambiguously gives the dis-
tance of a clump of gas from the cen-
ter. It leaves unresolved, however, the
choice between two possible distances
from the solar system.

My own work, done in collaboration
with Shrinivas Kulkarni and Carl Heiles
of Berkeley, indicates that the giant mo-
lecular-cloud complexes in the outer
parts of the galaxy indeed are concen-
trated in regular spiral arms. As for
the inner parts, the surveys of inter-
stellar carbon monoxide conducted so
far show a concentration of molecular
clouds at the center of the galaxy. Out-
side the center the greatest concentra-
tion of clouds is at radial distances be-
tween 4,000 and 8,000 parsecs. Beyond
that the concentration of molecular gas
falls off toward the edge of the disk
of the galaxy, which lies 20,000 parsecs
from the center. (The sun moves in orbit
around the center of the galaxy at a dis-
tance of about 10,000 parsecs.)

The study of the giant molecular-
cloud complexes and their relation to
the structure of the galaxy is still in its
infancy. For example, astronomers are
only now beginning to realize that the
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complexes may have an important effect
on the distribution of stars in the galaxy
not only because they give birth to stars
but also because they exert gravitational
and tidal forces on the stars and star
clusters around them. Some 25 years
ago Spitzer and Martin Schwarzschild
of Princeton argued that the distribution
of stars in the direction perpendicular to
the disk of the galaxy might arise from
the gravitational interaction of the stars

SAGITTARIUS-
CARINA ARM
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and massive clouds of gas. Three years
ago Stark and I showed that the gi-
ant molecular-cloud complexes in the
galaxy were massive enough and large
enough to account for the distribution.

The tidal forces exerted by the giant
molecular-cloud complexes might be
responsible for the disruption and ulti-
mate dissipation of loosely bound clus-
ters of stars. Furthermore, many astron-
omers suspect that gamma rays gener-

UNNAMED ARM

ated within the galaxy arise from the
collision of high-energy particles and
the matter in giant molecular clouds.
As astronomers increasingly turn their
attention to the giant molecular clouds
they find that the clouds affect the gal-
axy in unsuspected ways. The discovery
of any new major component of the
universe brings with it not just the ex-
citement of the discovery but a host of
new questions as well.

CYGNUS
ARM

PROPOSED PATTERN of the galaxy’s spiral arms shows that giant
molecular-cloud complexes (black) and H 11 regions (magenta) are
confined more or less to a set of four arms. (The solar system lies in
what seems to be an incomplete arm or the spur of an arm.) The dens-
est concentration of molecular gas is shown, however, to lie within
about 350 parsecs of the center of the galaxy, or a thirtieth of the dis-
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tance from the center to the sun. Young, bright stars (blue) follow the
pattern of the arms; older, fainter stars (red) are more evenly distrib-
uted, except that the center of the galaxy is given a barlike distribu-
tion of stars. The pattern of the arms is based on a study of interstel-
lar atomic hydrogen in the galaxy done by the author and Shrinivas
Kulkarni and Carl Heiles of the University of California at Berkeley.
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An exceptionally powerful
and dramatic new work
in the great tradition
of bronze animal sculpture.

Available
in a single, limited edition.
Advance ordering deadline:
April 30, 1982.

As part of its first collection of original
sculptures portraying the great wildlife of
North America, the National Wildlife Federa-
tion is proud to announce the creation of
“Mountain Sentinel.”

This dramatic new work portrays the
Rocky Mountain bighorn — living symbol of
America’s wilderness. Superbly detailed,
crafted in cold-cast bronze and meticulously
hand-finished, it is both a brilliant study of the
bighorn and an impressive work of art.

“Mountain Sentinel” has been created for
the National Wildlife Federation by one of
America’s most gifted wildlife sculptors —
Chapel. And he has shown the bighorn in its
element — high on a snowy precipice. The
proud head with its great curving horns. The
powerful hindquarters. The agility of its
stride over a fallen cedar. All are captured
with an artistry that is completely true to
nature —a quality valued throughout the
long tradition of bronze animal sculpture.

To faithfully capture all the rich detail and

Shown smaller than actual size. Overall height: 7'4 inches.

subtle nuances of the sculptor’s art, the work
will be crafted in cold-cast bronze—a
medium capable of holding even finer detail
than traditional hot-cast bronze. Each sculp-
ture will be individually cast from a carefully
prepared sculptor's blend of powdered
bronze and resins. Once hardened, the work
will be meticulously finished with a fine
patina — hand-rubbed to a soft luster.

“Mountain Sentinel” will be issued in a
single, limited edition — available for only a
comparatively brief period of time. This ad-
vance opportunity expires April 30, 1982,
and the edition will be permanently closed at
the end of the year. There is a further limit of
one sculpture per person. A Certificate of
Authenticity from the National Wildlife Fed-
eration will accompany each sculpture.

As an original sculpture that will enrich
your home, “Mountain Sentinel” will be a
truly rewarding acquisition. A work in the
honored tradition of fine animal sculpture.
One that will remain a source of enjoyment
and a most treasured family possession.

To reserve this important new work, return
the attached form directly to the appointed
issuing agent, The Franklin Gallery. No
payment need accompany your order, but
please mail it by April 30th at the latest.
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by Chapel
Valid only if postmarked by April 30, 1982.
Limit: One per person.

The National Wildlife Federation

/o The Franklin Gallery

Franklin Center, Pennsylvania 19091
Please accept my order for “Mountain
Sentinel,” to be crafted for me in cold-
cast bronze at $195.* plus $2.50 for
shipping and handling.

I need send no money now. When my
sculpture is ready to be sent to me, | will
be billed for my deposit of $39.50* and,
after shipment, for the balance in four
monthly installments of $39.50* each.

*Plus my applicable state sales tax

Signature
Mr.

Mrs.
Miss

Address
City
State, Zip

ALL ORDERS ARE SUBJECT TO ACCEPTANCE.
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The Giant Squid

This deep-sea cephalopod is so seldom seen, dead or alive, that it

seems mythical. Numerous specimens have, however, been studied,

and they have begun to reveal the animal’s anatomy and its ecology

by Clyde F. E. Roper and Kenneth J. Boss

scribes a sea creature of “vast pulpy

mass, furlongs in length..., long
arms radiating from its center and curl-
ing and twisting like a nest of anacon-
das.” He apparently had in mind the
giant squid; his description reflects the
meager information that was available
about the animal in his time. Indeed,
until the crew of a French warship sight-
ed one in 1861 and managed to haul in
part of it the animal was quasi-mythical.
Even now, when a considerable number
of specimens have been reported, the gi-
ant squid (weighing up to 1,000 pounds
and having an overall length of some 18
meters, or nearly 60 feet, if the tentacles
are extended) remains largely mysteri-
ous. No living specimen has ever been
maintained in a research institution or
an aquarium. Most of what is known
comes from strandings, when the squid
is dead or dying; from capture by fisher-
men of animals that soon died, and from
specimens removed from the stomach
of toothed (fish- or squid-eating) whales.
On the basis of this information one can
state what a mature giant squid looks
like and can say quite a bit about its
internal anatomy. On other matters,
such as its habitat and method of repro-
duction, one can offer only educated
guesses based on what is known of relat-
ed oceanic squids.

Teuthologists, the specialists who
study cephalopods (the group of marine
animals that includes the squid, the cut-
tlefish and the octopus), have placed
the giant squid by itself in the genus Ar-
chiteuthis of the family Architeuthidae.
Nineteen nominal ‘“species” have been
described, some solely on the basis of
individual parts of the animals. Until re-
cently the tendency was to classify near-
ly every find as a new species. Although
authorities differ, it has been suggested
that the 19 nominal species can in fact
be encompassed by only three: Archi-
teuthis sanctipauli in the Southern Hemi-
sphere, A. japonica in the northern Pacif-
ic and A4. dux in the northern Atlantic.
Some evidence, based mainly on the
relative size of the head and the outline
of the caudal fin, has been marshaled
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In Moby-Dick Herman Melville de-

to indicate that as many as five species
live in the Atlantic, two in the northern
Pacific and several more in the south-
ern Pacific.

In 1980 a specimen of medium size—
about 10 meters in total length—was
stranded on Plum Island in Massachu-
setts. The animal was preserved and was
displayed for several months at the New
England Aquarium in Boston. It is now
in Washington at the Smithsonian In-
stitution’s National Museum of Natu-
ral History, where it is being studied
in detail. The study provides much of
the data for the following description,
in which we adhere to the standard meth-
od for avoiding ambiguity about ana-
tomical positions by relying on the
terms dorsal for back or top, ventral
for front or bottom, caudal for at or
near the tail, anterior for forward, pos-
terior for rearward, proximal for near a
reference point and distal for far. The
normal swimming position of the giant
squid is horizontal, so that the animal’s
dorsal side is at the top and its ventral
side is at the bottom.

The giant squid’s cylindrical head
may reach nearly a meter in length; it
is connected to the body proper by a
“neck” bearing a circumferential collar
or sheath with a dorsal locking cartilage.
A crown of eight thick, muscular arms
and two very long and thin but muscular
tentacles surrounds the buccal (mouth)
apparatus and extends from the anteri-
or end of the head. (Cephalopod means
head-foot.)

Although the arms are proportionate-
ly long in young individuals, they are
relatively much shorter than the ten-
tacles in adults. An arm may attain a
circumference of 50 centimeters at the
base and a length of three meters. Each
arm bears on its inner surface low,
weak and sometimes scalloped protec-
tive membranes that border two rows of
suckers. The suckers gradually decrease
in size distally until at the tip of the arm
they are merely tiny knobs.

The two ventral arms in males are
hectocotylized, that is, specialized to fa-
cilitate the fertilization of the female’s
eggs. With them the male transfers sper-
matophores to the female in mating.

ADULT GIANT SQUID can be as much as 18 meters (60 feet) long and can weigh as much as
450 kilograms (1,000 pounds). This drawing is based on numerous specimens or parts of them
that have been drawn, photographed or preserved over the past century. The squid in the draw-
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These arms differ among species in their
length and diameter and in the extent of
their modification for the mating func-
tion. Distally the arms bear, as continua-
tions of the two rows of suckers, two
rows of rectangular pads separated by a
deep furrow.

The two tentacles, with which the
squid seizes its prey in a motion rather
like the thrusting and closing of a pair of
pliers, are about 25 centimeters in cir-
cumference at the base and can reach a
length of more than 10 meters. The stalk
of a tentacle is bare along the base; alter-
nating small suckers and adhesive knobs
may appear farther along its length. The
suckers and knobs increase in size and
frequency toward the club: the slightly
expanded distal end of the tentacle. The
manus, or palm, of the club has four
rows of finely toothed suckers. The larg-
er medial ones (in two rows) are about
two and a half times the diameter of the
smaller ones in the marginal rows. The
diameter of a tentacular sucker may
reach 5.2 centimeters. The distal end of
the club, the dactylus (finger), is pointed
and attenuated but is covered with hun-
dreds of small suckers.

All the suckers of a giant squid are
shaped like a suction cup. Each sucker is
set on a muscular pedicle, or short stalk,
that can be moved by the animal. The
perimeter of a sucker is rimmed by a
sharply toothed ring of chitin (the hard
material that forms the outer covering
of many crustaceans and insects) that
adheres to the surface of the prey when
the sucker is applied. No specialized
hooks appear in place of suckers, as they
do in certain other oceanic squids.

Imprints or scars from squid suckers
have been found on the skin of sperm
whales and even in their stomach. The
diameter of these scars has been var-
iously exaggerated, sometimes to as
much as 20 centimeters (eight inches).

ing is depicted seizing a fish by thrusting out its long tentacles as it at-
tacks, propelling itself forward by squirting water through the back-
turned funnel that is visible below the eye. By appropriately turn-

Such reports have led by extrapolation
to a distorted estimate of the maximum
length of giant squids. The most reliable
evidence suggests that the average diam-
eter of the suckers on the arms is about
2.5 centimeters and that the maximum
diameter is 5.2 centimeters, the size
sometimes found on a tentacular club.

he mantle, or body, of the giant

squid is more or less narrowly cone-
shaped. It tapers to a bluntly pointed
tail. In adults a short, stout, taillike pro-
jection extends beyond the fins; juve-
niles do not have it. The fins are flexible
but not strongly muscular, suggesting
that they serve as stabilizing vanes.

As a modification of the molluscan
foot a large, muscular funnel rises ven-
trally behind the head at the anterior
end of the mantle. With it the squid pro-
pels itself by squirting water out of its
mantle cavity. The funnel is highly mo-
bile, so that the squid can dart forward,
backward, up, down or to the side. In-
side the funnel is a flaplike valve that
prevents the backflow of water between
squirts. Ventrally at the base of the fun-
nel on each side is a groove of cartilage
that interlocks with corresponding carti-
laginous ridges on the inner surface of
the mantle when the squid is expelling
water. This funnel-locking mechanism
prevents water from escaping around
the neck, forcing all the water to go
through the funnel.

The giant squid also has a translucent
internal supportive structure variously
called the gladius or the pen. It is the
remnant of an archaic internal calcare-
ous shell that is still found in more prim-
itive cephalopods such as the cuttlefish.
The gladius lies in a sac in the muscula-
ture of the mantle, extending posteriorly
from the anterior edge of the mantle to
the taillike posterior extremity. It func-
tions as a skeletal rod for the attachment
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of muscles and as a supporting staff for
the elongated body.

The multilayered integument that en-
velops the body, the head and the arms
is a dark purplish red to maroon dorsal-
ly and slightly lighter ventrally. The col-
or of the dorsal and ventral surfaces of
the arms is less intense than that of the
lateral ones. The color arises not only
from a background pigmentation but
also from a layer of chromatophores:
pigment-bearing cells that can change
the coloration of the integument by ex-
panding or contracting. In the squid
the chromatophores probably serve to
modify the color of the integument ac-
cording to behavioral requirements or
changes in the amount of light in the
water. The internal surface of the man-
tle and some of the viscera also have
dark reddish pigmentation, an uncom-
mon feature in oceanic squids. Photo-
phores, or bioluminescent organs, are
not known in Architeuthis.

The giant squid’s eyes are enormous,
larger than the headlights of an auto-
mobile. With a diameter approaching
25 centimeters (10 inches), they are
the largest eyes in the animal kingdom.
They are positioned laterally on the
head and are circular in outline. Each
eye has an adjustable lens and a dark iris
but no cornea.

The mouth is at the center of the cir-
cular crown of arms. Powerful chitinous
jaws, encased in a muscular mass and
capable of rotation and protrusion, are
utilized to bite prey into chunks of a size
suitable for swallowing. These parrot-
like beaks, which can be more than 15
centimeters in length, consist of upper
and lower mandibles. The strong upper
mandible bears a pointed and acute-an-
gled rostrum that forms a cutting edge
with the lower mandible, which char-
acteristically has a short, blunt rostrum
and rounded winglike extensions. By
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ing the funnel the squid is able to move in any direction. In the class
of cephalopods the giant squid is placed in the genus Architeuthis;
the number of species in the genus has yet to be firmly established.
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careful examination the isolated jaws
of individual squid species can be dis-
tinguished from those of other species.
Hence it is possible to identify the other-
wise unrecognizable digested contents
of whale stomachs and the inclusions
in ambergris, the waxy substance made
by the sperm whale to enable it to

purge itself of indigestible squid beaks.

The radula, or rasping tongue, is a
characteristic feature of mollusks and
usually consists of a long cuticular rib-
bon bearing transverse rows of chitin-
ized teeth with cusps of various shapes.
In Architeuthis the radula is small for an
animal of such huge proportions. It is

DIGESTIVE GLAND

nonetheless impressive compared with
the radulas of other mollusks, being
about 100 millimeters long and a little
more than 10 millimeters wide. Each
row has a three-cusp central tooth and
three smaller teeth on each side. Food
bitten into chunks by the jaws is forced
into the buccal cavity by the bolting
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INTERNAL ANATOMY of a female giant squid is indicated on the
basis of present knowledge. The gladius, which is also known as the
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MOUTH AND EYE of the giant squid are among the animal’s note-
worthy features. The powerful beak consists of chitin, the hard ma-
terial that forms the external covering of many crustaceans and in-

pen, is a fairly stiff structure that serves as a supporting rod for the
animal’s long body and also as a point of attachment for muscles.
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sects, With its beak the squid cuts its prey into pieces it can swallow,
The eyes of the giant squid are the largest in the animal kingdom,
each one being approximately 25 centimeters (10 inches) in diameter.

CLUB END OF A TENTACLE of the giant squid is distinguished
by a manus, or palm, where the tentacle becomes slightly wider. The
manus has four rows of finely toothed suckers, the larger ones being

98

about five centimeters in diameter and the smaller ones about two
centimeters, Each sucker can be moved. One sucker and its toothed
chitinous ring are shown above the end of the tentacle at the left.
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movement of the radula. In addition
many minute backward-sloping den-
ticulations (the pharyngeal teeth) in
the cuticle lining the pharynx facilitate
swallowing and ensure that food moves
inward to the alimentary canal.

The alimentary canal continues into a
muscular esophagus that forces food by
peristaltic contractions into the thick-
walled stomach and the associated ce-
cum. Digestive enzymes are secreted by
the massive salivary glands and by the
single medial “liver,” or digestive gland,
and the anterior pancreas. Assimila-
tion is further advanced in the cecum.
Wastes pass through the short intes-
tine and out through a flapped rectum,
which discharges near the internal open-
ing of the funnel. The wastes are flushed
out through the funnel with the water
expelled for propulsion.

The squid obtains oxygen through a
pair of long gills, which have many
(sometimes more than 100) of the lamel-
lae, or leaflets, that are the basic struc-
tures for the exchange of oxygen and
carbon dioxide. Another feature is the
ink sac characteristic of most squids. In
the giant squid the sac is large and elon-
gated, with a long duct that empties into
the rectum. The black, mucous ink is
thought to serve the giant squid as the
ink of other squids does when it is ex-
truded through the funnel in an escape
reaction, that is, it maintains a cohe-
sive shape resembling that of the squid,
presumably confusing a predator as the
squid jets away.

female squid produces enormous

numbers of whitish eggs. The eggs
are relatively small, being from .5 milli-
meter to 1.4 millimeters long and .3 to .7
millimeter across. One specimen carried
more than 5,000 grams (11 pounds), or
perhaps a million eggs.

The female reproductive apparatus
consists of (1) a single median ovary,
lying posteriorly in the visceral mass;
(2) paired, convoluted oviducts through
which the mature eggs pass out into the
mantle cavity, and (3) large nidamental
glands, which manufacture a gelatinous
mass that envelops the eggs in the man-
tle cavity. The site and method of fertil-
ization are not known, but presumably it
takes place as the mature eggs leave the
oviducts. Whether the eggs float in the
ocean or are attached to the ocean bot-
tom is also not known, but it seems like-
ly that they float in huge gelatinous mas-
ses because this mode is characteristic of
all other known oceanic squids. The
females of many shallow-water squid
species have a receptacle for spermato-
phores below the mouth, but no such
structure is found in Architeuthis fe-
males. Moreover, no spermatophores
have been found implanted in female
giant squids, although such implanta-
tion (in the mantle cavity or at the open-
ing of the mantle near the neck) is com-
mon in other oceanic squids.

SPECIALIZED ARM of the male squid serves for transferring spermatophores to the female.
Two of the male giant squid’s eight arms are specialized in this way; they are called hecto-
cotylized arms. They are distinguished by two rows of rectangular pads (in place of suckers).

RADULA, or tongue, of the giant squid is shown at an enlargement of 22 diameters in this
scanning electron micrograph. The teeth slope toward the back of the squid’s mouth and as-
sist the movement of food into the esophagus. The entire radula is about 10 centimeters long.

. .fl.l

SUCKER SCARS of a giant squid appear on the skin of a sperm whale, the chief predator of
Architeuthis. Such scars, made when a squid fought to escape from the whale, have often been
cited as evidence for squids of monstrous size. Since a scar grows as the whale grows, how-
ever, scars are unreliable evidence for the size of the squid unless they are known to be recent.
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The males are externally differentiat-
ed from the females by their two hec-
tocotylized arms. The testis consists of
a white filamentous mass embedded
posteriorly in the visceral mass. The
spermatophores, long tubes filled with
sperm, are manufactured in the com-
plex spermatophoral apparatus, which
is on the left side anterior to the testis.

The long, thin-walled spermatophoral
sac (often called Needham’s sac because
it was first discovered and described
by John Turberville Needham) with its
basal seminal vesicle is attached to the
visceral mass along the left side of the
intestine in the mantle cavity. As such
structures go it is enormous, reaching
a length of a meter and serving as a
storage chamber for hundreds (perhaps
thousands) of spermatophores packed
parallel to one another.

The distal extension of Needham’s
sac is often termed the penis, but that is
probably a misnomer because the struc-
ture seems not to be an intromittent or-
gan. Even in a small mature male it may
be some 80 centimeters long and may
protrude as much as 5.5 centimeters be-
yond the free edge of the mantle. The tip
of the “penis” is mushroom-shaped and
has in it a ventral slit about 15 millime-
ters long.

The spermatophores range between
10 and 20 centimeters in length, appar-
ently varying in total length and in the
size of the constituent parts depending
on the species and the stage of develop-
ment. As in other squids, the spermato-
phore of Architeuthis has a proximal
thread and cap, a springlike ejaculatory
cell, a cement body and a distal sperm
mass enveloped by a tunic. An external
coating of jelly that envelops the sper-
matophore is peculiar to Architeuthis.

It is likely that the giant squid, like

other squids, has a mechanism whereby
the cap and thread are pulled, much like
the pin of a hand grenade, triggering the
release of the tightly coiled ejaculatory
apparatus and ejecting the sperm-con-
taining capsule and the cement body.
The cement body functions as an ad-
hesive mechanism to attach the sperm
mass in or near the mantle cavity of the
female. Males apparently become sexu-
ally mature quite early; specimens with
a mantle length of less than a meter have
been found to have completely formed
spermatophores.

Even though a giant squid is notably
large and heavy out of the water, it
is quite buoyant in the water. The buoy-
ancy is due to the relatively high con-
centration of ammonium ions (NH4*)
in the muscles of the mantle, head and
arms. The concentration of ammonium
ions probably explains why dead or dy-
ing squids rise to the surface and are
often washed ashore. Ammonium ions
have a specific gravity of 1.01, which is
lower than that of seawater (1.022 at a
depth of 50 meters and a temperature
of 28 degrees Celsius). Without the am-
monium ions the tissues of the squid
are heavier than seawater, their average
specific gravity being 1.046, but with
them the animal can maintain its level in
the water without having to expend en-
ergy by constant swimming.

A side effect of this characteristic is
that a freshly stranded giant squid is
made unpalatable by the strong, bitter
taste of ammonia. In fact, the first ob-
servation that Architeuthis concentrates
ammonium ions in certain muscles was
made by three teuthologists, including
one of us (Roper), who cooked a piece
of giant squid for a party celebrating the
completion of a doctoral examination.

Subsequent analysis of the tissue con-
firmed the observation.

Although certain scholars have de-
scribed Architeuthis as a strong swim-
mer, that is probably not the case. It is
true that some oceanic squids are spec-
tacular swimmers, but compared with
them Architeuthis has a poorly devel-
oped musculature. In addition its fins
are relatively small and weak, and the
locking apparatus of the funnel is con-
siderably less complex and powerful
than the one in the strong swimmers.

Little is known about what the giant
squid eats. Most of the specimens col-
lected have an empty stomach; if the
squid were not sick and “off its feed,” it
would have been unlikely to come to the
surface or to be stranded. Even when
something is found in a squid’s stomach,
the chances of identifying it are slim be-
cause the beak and the radula reduce the
prey to small pieces and the digestive
enzymes work fast.

Nevertheless, various workers have
guessed or apparently observed that Ar-
chiteuthis feeds on small fish and large
invertebrates such as other cephalo-
pods. The few published accounts based
on remnants of food found in the stom-
ach of giant squids indicate that the ani-
mals do indeed feed on fish and other
squids. Since Architeuthis appears to be a
relatively poor swimmer, it presumably
is a somewhat passive and sluggish pred-
ator, unable to chase and capture large,
active prey.

As for the predators of the giant
squid, the principal one is the sperm, or
cachalot, whale, Physeter catodon. Im-
mature giant squids are eaten by certain
mid-water fishes. Notwithstanding the
limitations of Architeuthis as a swimmer,
it is formidable in size and dexterity and
has arms that are heavy, suckered and

STRANDED GIANT SQUID was washed ashore on Plum Island in
Massachusetts in 1980. It was an adult of medium size, about 10 me-
ters in total length. Most of the skin was worn off by the sand, and the
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tentacles (along with the tips of same of the arms) were missing. An
indication of the size of the animal is given by the human footprints
in the foreground and the seashells on the smooth part of the beach.
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highly motile. The large eyes, represent-
ing an efficient detection system, and the
ink sac are among the giant squid’s pro-
tective mechanisms.

In the literature of giant squids one
occasionally finds an account of a bat-
tle between a giant squid and a sperm
whale at the surface of the sea. We must
surmise that such a struggle is an at-
tempt by the squid to escape from the
whale rather than an attack on the whale
by the squid. The scars of giant-squid
suckers on the skin around the mouth
and head of sperm whales attest to the
reality of these battles.

Sperm whales prey on numerous
kinds of fish, crustaceans, octopuses and
squids, but much of their diet consists
of Architeuthis. Although only a few
giant-squid beaks may be found in a
sperm whale’s stomach along with hun-
dreds of beaks from other squid species,
the sheer size of a single giant squid
may take up a third of the volume of a
whale’s stomach. The fact that a sperm
whale’s gut is usually found to con-
tain large numbers of other prey but
only one Architeuthis suggests that gi-
ant squids may be solitary animals, ex-
cept possibly during the mating period.

Much has been written about the
maximum size attained by Archi-
teuthis, with assertions of total lengths
exceeding 75 meters. There is no firm
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DATA ON THE GIANT SQUID have come mainly from strand-
ings and from specimens found in the stomach of sperm whales. The
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evidence for such assertions. The usual
basis for them is the size of sucker scars
on whales, but since a scar grows as a
whale grows, it is unreliable evidence
for the size of a squid unless it is demon-
strably recent.

The largest specimen recorded in the
scientific literature measured approxi-
mately 20 meters in total length. (It was
stranded on a beach in New Zealand in
1880.) A significant part of this length,
probably from 10 to 12 meters, consist-
ed of the tentacles, which in a dead squid
are notably elastic and easily stretched.
In all other squid species the length
of tentacles is always regarded as an
imprecise component of measurement.
The largest giant-squid mantle lengths
known to us are in the range from five
to six meters, the largest head lengths
about one meter.

Even with the fairly large number of
records of Architeuthis now available, it
is still impossible to identify the precise
habitat of this elusive animal. Most of
the records come from strandings and
from the stomach contents of sperm
whales, neither of which give direct in-
formation about habitat. Sperm whales
are known to feed in the depth range
from 10 to 1,000 meters, and there is
strong evidence that they go as deep as
2,000 meters. It is clear from their stom-
ach contents that they feed partly along
the bottom. Hence the Architeuthis indi-
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viduals in sperm-whale stomachs could
have been captured in mid-water or on
the bottom. An educated guess, support-
ed by the record of Architeuthis tissue
recovered from the stomach of a deep-
sea shark captured on the bottom at
1,246 meters near the Azores, is that as
adults giant squids live near or on the
bottom at a. depth of about 1,000 me-
ters. Even this evidence is indirect, how-
ever, because some species of bottom-
living fishes and sharks often come off
the bottom to feed.

It is remarkable that few giant squids
have been caught in fishing nets. A few
captures have been made in nets being
trawled along the bottom at depths. of
from 200 to 375 meters. Since the spec-
imens were reported to be alive at the
time of capture, we must assume that
they were in or near their natural habi-
tat, probably on the bottom but possibly
in mid-water when the net was being
hauled in.

On the other hand, a fresh 12-foot
section of a giant squid’s tentacle was
brought up 150 miles off the coast of
California by a mid-water trawl at a
depth of 600 meters over a bottom
depth of 4,000 meters. Sightings of giant
squids swimming at the surface have
been reported from off Newfoundland
near the Grand Banks, where the water
is less than 100 meters deep, and from
the central Pacific over depths exceed-

o3

sightings are less reliable, since at a distance an observer might mis-
take another kind of large squid for a giant squid. In addition to these



ing 4,000 meters. In recent years spec-
imens of Architeuthis have been found
in the vicinity of the Hawaiian Islands,
where there is virtually no continental
shelf and the bottom drops off sharply
to several thousand meters.

Then there are the strandings. Many
of the specimens are washed ashore
dead, but enough are so fresh (or even
barely alive) as to indicate that they
were alive not too long before or too
far from where they came ashore. Still,
large squids, like large whales, may be
alive when they are stranded but may
also be far from their normal habitat
because they are sick.

The fact that so few giant squids are
captured in nets is intriguing, particular-
ly now that huge mid-water and bottom
trawls are deployed by commercial fish-
crmen and by research vessels. Do the
squids detect the approach of a net and
avoid capture, as so many other oceanic
cephalopods do? Or do they live in habi-
tats not normally entered by commer-
cial fishermen or exploratory biologists
because they are known to be unproduc-
tive, like the middle depths of the open
ocean, or because they are too rocky and
craggy and therefore dangerous to nets,
like the deep canyons and edges of con-
tinental slopes? The fact that such ques-
tions still have to be asked about giant
squids indicates how much remains to
be learned about them.

data there are 148 other records, mostly from
near Japan and the southern tip of Africa.

“It’s eleven o'clock.
Do you know where your Chivas Regal is?”
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Superheavy Magnetic Monopoles

Isolated north and south magnetic poles are predicted to exist

but have never been observed. A new theory may explain why:

such particles seem to be too massive, slow-moving and rare

by Richard A. Carrigan, Jr., and W. Peter Trower

French investigator of the magnetic

properties of materials, described
the orientation of bits of iron near the
surface of various lodestones. He noted
that the lines of force around such a nat-
ural magnet are invariably concentrated
at two points, just as the meridians of
the earth come together at opposite geo-
graphic poles. The analogy led him to
designate the two points the north and
south poles of the magnet. Subsequent
observations have confirmed that all
ordinary magnetic objects have paired
regions of opposite polarity, that is, all
magnets are dipoles.

It is easy to conceive of an isolated
north or south magnetic pole. Specula-
tion about the possible existence of such
magnetic monopoles has persisted for
centuries, but there has been no evi-
dence of them. Interest in the idea be-
came more focused in 1931, when the
British physicist P. A. M. Dirac showed
that an important observed property of
electrically charged particles could be
explained by assuming the existence of
elementary particles bearing a magnet-
ic charge. Dirac’s conjecture stimulat-
ed a flurry of theoretical papers on the
expected properties of the hypotheti-
cal monopoles, and several experiments
were undertaken to detect them. None
of the attempts was successful.

Recent efforts to forge a unified theo-
ry of the fundamental forces of nature
have again drawn attention to the ab-
sence of magnetic monopoles. Indeed,
one proposed theory requires the crea-
tion of monopoles in the first instants of
the great explosion in which the uni-
verse was presumably born. The theory
goes on to offer an explanation of how
the monopoles could exist without hav-
ing been detected in any of the earlier
searches: they would be extraordinarily
massive and so would have properties
quite different from those of ordinary
particles. Several novel experiments are
now being prepared to look for super-
heavy magnetic monopoles among the
surviving particles of the big bang.

In 1269 Petrus Peregrinus, an early
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The dipolar nature of ordinary mag-
netic materials can readily be demon-
strated. If iron filings are sprinkled on
a piece of paper held over a bar magnet,
the filings trace out a pattern of smooth
arcs extending from one end of the mag-
net to the other. The arcs represent the
magnetic field lines between the poles.
Where the lines are close together the
magnetic field is strong; where they are
far apart the field is weak. Cutting the
magnet in half does not isolate the poles;
instead two smaller bar magnets are cre-
ated. (It is possible to simulate the field
surrounding an isolated magnetic pole
by placing the magnet on end, with one
pole directly under the paper; in this
case, however, the lines of force con-
necting the poles are merely removed
from the plane of the paper.)

An analogous electric dipole can be
made by depositing electric charges of
opposite sign on the ends of an insu-
lating rod. When the electric dipole is
cut, two isolated electric poles are cre-
ated. The reason is that each electric
pole represents a clustering of individu-
al electrically charged particles: nega-
tively charged electrons at one end and
positive ions at the other. When the
poles are separated, the aggregations of
charge are not affected. The possibility
of isolating electric poles but not mag-
netic ones is a fundamental distinction
between electricity and magnetism.

The explanation of this distinction has
been known for more than a century.
The magnetism of an ordinary object,
such as a bar magnet, arises not from
clusters of magnetically charged parti-
cles but from loops of electric current.
For example, the magnetic field of a so-
lenoid (a cylindrical electromagnet) is
set up by the electric current circulating
in the coil. On a submicroscopic scale
similar currents are generated by the
circulation of electrons around atomic
nuclei. In nonmagnetic materials the at-
oms, and hence the currents, are ran-
domly oriented. If the atoms are some-
how aligned, the material shows a net
magnetization. In a permanent magnet
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the atoms retain their alignment even
when the orienting force is removed.
Cutting such a magnet in half cannot
isolate the poles because each atom is
effectively a dipole.

This basic distinction between elec-
tricity and magnetism is at the heart of
the theory of electromagnetic phenome-
na formulated by James Clerk Maxwell
in 1864. In Maxwell’s theory the possi-
bility of isolated magnetic charges was
ignored, since none had ever been ob-
served. Instead all magnetism was ex-
plained in terms of moving electric
charges. Over the past century Max-
well’s theory has been put to many ex-
perimental tests and has never been
found wanting. That fact alone severely
limits the contexts in which magnetic
monopoles might be found.

Dirac’s contribution to the subject
stemmed from his effort to explain
the quantization of electric charge: the
observation that electric charge appears
only in multiples of the charge of the
electron and the proton. Dirac showed
that if an isolated magnetic pole ex-
ists anywhere in the universe, electric
charge must be quantized everywhere.
Until recently Dirac’s magnetic-mono-
pole hypothesis was the only explana-
tion of the observed quantization of
electric charge. (The existence of the
particles called quarks, with charges of
one-third and two-thirds the magni-
tude of the electron’s charge, would not
alter Dirac’s conclusion. Many physi-
cists think the quarks must be perma-
nently confined to the interior of par-
ticles that invariably have an integer
value of net charge.)

The reasoning behind Dirac’s propos-
al can be presented in nonmathematical
terms as follows. An atom that has been
excited to an elevated energy state tends
to revert abruptly to a lower energy
state, simultaneously emitting its excess
energy in the form of a photon, or quan-
tum of electromagnetic radiation. The
photon not only removes energy from
the atom but also carries away some of
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Solar-powered ion propulsion will be demonstrated on a spacecraft in the near
future. Compared to conventional chemical propulsion, ion propulsion saves
weight and is better for spacecraft control and interplanetary travel. It gen-
erates small but exact thrust for long durations. Hughes has developed a mer-
cury ion thruster system having a specific impulse of 2500 seconds. It is being
incorporated for NASA into a prototype Ion Auxiliary Propulsion System (IAPS) to
be launched from the Space Shuttle on the U.S. Air Force P80-1 spacecraft.

A new all-optical logic device could make many electronics systems immune to
effects of natural or man-made "noise,”" including lightning strikes and radio
interference. Hughes scientists have fabricated a high-speed optical device
that uses no electronic signals. It is made of discrete components, including
four reflecting surfaces and a slab of non-linear material (gallium arsenide).
The device has shown optical bistability (flip-flop behavior) with switching
times of 3 nanoseconds and switch energies under 100 microjoules. Although
propagation delays have kept the device's speed under the theoretical limit up
to 10 gigahertz, the speed will be increased by further miniaturizing of the
device on an integrated optic chip. The device could be used in fault-tolerance
computers, flight control systems, and ultra high-speed signal processors.

A safely concealed gunner could guide a missile toward a battlefield target with
a new fiber-optic communications system. The concept calls for a missile with
an imaging seeker in its nose to be fired toward an enemy force. What the mis-
sile sees is relayed back to the gunner over a glass thread that pays out from a
spool in the missile's aft end. The cable, unlike ordinary wire, can transmit
broadband signals required for video. The gunner looks at a display and picks a
target. Guidance commands are transmitted automatically to the missile over the
fiber-optic link. Hughes and principal subcontractor ITT Electro-Optical
Products Division are developing the Integrated Fiber-Optic Communications Link
for the U.S. Army for possible use in a low-cost anti-armor missile.

An ultramodern facility spanning 1.75 million square feet will be the showcase
where outstanding Hughes engineering will combine with advanced manufacturing
techniques and production processes. Our complex is nearly completed, so we're
looking for experienced and graduating engineers to work on such programs as:
infrared thermal imaging systems, laser rangefinders and designators, and
missile launching and guidance systems. Send your resume to Dan 0'Daly, Hughes
Electro-Optical and Data Systems Manufacturing, Professional Employment, P.O.
Box 924, Dept. SSA, El Segundo, CA 90245. Equal opportunity employer.

Cables and wire harness assemblies for the Space Shuttle's solid rocket booster
were tested to withstand the rigors of launch and space travel by an automatic
circuit analyzer. United Space Boosters Inc., a subsidiary of United Technolo-
gies Corp., tested its cables, harnesses, and ground support equipment on a
high-voltage Hughes FACT® (Flexible Automatic Circuit Tester) system. The FACT
unit performs up to 9,000 continuity tests and 3,000 leakage tests per minute.
The system's speed and flexibility help to cut production costs.
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DIPOLE FIELDS are set up by a bar magnet
(a) and by an analogous structure consisting
of an insulating rod with opposite electric
charges deposited at the ends (). When the
magnet is cut in half, two smaller dipoles are
created (a’). When the electric analogue is
cut in half, the field remains dipolar because
the electric charges that generate the field re-
main in place (b'). Magnetic field lines are
shown in color, electric field lines in black.
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the atom’s intrinsic angular momentum.
Hence the electromagnetic field repre-
sented by a beam of light, say, can be
considered to have a certain amount of
angular momentum.

It is a fairly straightforward task to
calculate the amount of angular mo-
mentum in an electromagnetic field.
Indeed, more than 80 years ago J. J.
Thomson, in a textbook on electricity
and magnetism, suggested this exercise
for students: Determine the angular
momentum of an electromagnetically
bound system consisting of a single elec-
tric charge and a single magnetic charge.
The solution reveals that the angular
momentum of the system depends on
the product of the electric charge and
the magnetic charge but is independent
of the distance between them. In other
words, the electric charge and the mag-
netic charge may be separated by the
radius of an atom or by the radius of the
universe; in both cases the angular mo-
mentum of the electromagnetic field is
the same.

Now, the angular momentum of any
system of this kind is known to be quan-
tized: the smallest amount of angular
momentum in nature is equivalent to the
unit called Planck’s constant, cnd all
larger amounts are multiples of this unit.
If it is assumed that the angular momen-
tum of the system is equal to some num-
ber of Planck units and that the mag-
netic charge has a definite value, then
it follows that the electric charge is also
fixed. In this way Dirac was able to
show mathematically that if magnetic
charge exists, electric charge must be
quantized.

Dirac’s theory incorporated a curi-
ous mathematical construct he called a
string. A Dirac string resembles an in-
finitely long solenoid with a magnet-
ic monopole at one end; the rest of
the string threads off into the distance.
The string is an impediment to detailed
calculations based on Dirac’s model.
Recent developments in mathematical
physics, however, have made it possible
to divest the monopole of its trouble-
some tail.

Dirac’s quantization condition en-
dows the magnetic monopole with cer-
tain properties. For example, to account
for the observed quantization of the an-
gular momentum of an electromagnet-
ic field the minimum unit of magnetic
charge must be about 70 times as large
as the corresponding unit of electric
charge. According to another prediction
of Dirac’s, every particle of matter, in-
cluding the magnetic monopole, must
have an antimatter counterpart. Just as
the electron has its antiparticle (the posi-
tron, discovered in 1932, four years af-
ter Dirac foretold its existence), so the
magnetic monopole is expected to be
matched by a magnetic antimonopole.
In keeping with Peregrinus’ arbitrary
nomenclature, one particle of such a
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pair is called a north monopole and the
other a south monopole. Dirac’s theory
made no prediction about the mass
or size of the magnetic monopoles or
about their abundance in the universe.

ome interesting effects arise when
Maxwell’s equations of electromag-
netism are augmented to include mag-
netic charges and magnetic currents.
For example, as the velocity of a moving
electric charge approaches the speed of
light, its properties should increasingly
resemble those of a magnetic charge;
similarly, a moving magnetic monopole
would begin to take on the properties of
an electric charge at a speed approach-
ing the speed of light. These transfor-
mations, which follow from Einstein’s
special theory of relativity, have been
confirmed experimentally for moving
electric charges but not of course for
moving magnetic charges.

A moving electric charge can lose
energy by ionizing matter (that is, by
detaching electrons from their atoms).
Typically, energy is lost at the rate of a
few million electron volts for every cen-
timeter traveled through a substance.
The energy required to ionize an atom is
generally a few tens of electron volts,
and so a moving electric charge can ion-
ize hundreds of thousands of atoms per
centimeter.

Because of the much stronger charge
of the magnetic monopole, it would ion-
ize atoms some 10,000 times more effec-
tively. Thus a magnetic monopole pass-
ing through a photographic emulsion of
the type employed by physicists to de-
tect electrically charged particles would
leave a track thousands of times darker
than the track left by an electric charge
moving at the same speed. Because the
monopole would lose energy to the ioni-
zation process so quickly, it would slow
down much sooner on entering a sub-
stance than an electrically charged par-
ticle with the same kinetic energy does.

Just as an electric field can acceler-
ate an electrically charged particle, so a
magnetic field could accelerate a mag-
netic monopole. Because of the greater
pole strength of the magnetic particle,
however, it would gain energy faster
in a magnetic field than an electrically
charged particle does in an equivalent
electric field. A magnetic monopole tra-
versing a superconducting coil one me-
ter long would gain more energy than a
proton acquires in the largest particle
accelerator yet built.

The physics of magnetic monopoles
has another curious feature, which can
be made apparent by imagining that the
flow of time could be reversed. In a
thought experiment suggested by Rob-
ert K. Adair of Yale University a pro-
ton is moving through a magnetic field,
which causes it to follow a curved path.
In one case the magnetic field is pro-
duced by an electric current in a coil.
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CIRCULATING ELECTRIC CHARGE in a loop of wire generates a dipole magnetic field
with its axis oriented at a right angle to the plane of the loop (/eff). The movement of bound
electrons around the nucleus of an atom constitutes a similar loop of current and endows the

atom with a corresponding dipole field (right).

The effect of reversing time is to re-
verse both the motion of the proton
and that of the electrons making up
the current; hence the magnetic field
is also reversed. Under these circum-
stances the proton simply retraces the
same path in the opposite direction;
the path of the proton is said to be

Only one representative electron is shown.

invariant with respect to time reversal.

Now suppose the magnetic field arises
not from an electric current but from
the presence of a magnetic monopole.
Reversing time does not alter the polari-
ty of the monopole and therefore leaves
the direction of the magnetic field un-
changed. As before, the proton reverses

a g X W o F
d K b o a
* % =8 %
oo % ¥ <
—F B FEF ¥ T
w» 4 . :‘9'—_ -
FECET ol R R
- B ) i SR o

ATOMIC MAGNETS are randomly oriented in an ordinary, nonmagnetic iron bar (a). The
atoms can be aligned by the application of an external magnetic field (5). When the external
field is removed (c), many of the atoms remain aligned, forming a permanent magnet. Cutting
such a magnet in half has no effect on the atomic currents and hence does not serve to isolate
the magnetic poles. For simplicity the bar is represented as having a single magnetic domain.
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direction, but it does not retrace its path.
In short, the proton’s path in the field
of a monopole depends on the direction
of time, an effect that violates the prin-
ciple of time-reversal invariance.

The predicted effects of a magnetic
monopole when time is reversed were
for many years viewed as a serious argu-
ment against its existence. In 1964, how-
ever, Val L. Fitch, James W. Cronin and
their colleagues from Princeton Univer-
sity, in an experiment done at the Brook-
haven National Laboratory, discov-
ered an effect much like a violation of
time-reversal invariance in the decay of
the particles called neutral kaons. The
full theoretical significance of this find-
ing has only recently begun to be un-
derstood. As this understanding has in-
creased, some of the opposition to the
idea of magnetic monopoles has abated.

Given the tantalizing properties of
magnetic monopoles, what is the
status of the experimental search for ev-
idence of their existence? Soon after ev-
ery new particle accelerator is commis-
sioned magnetic monopoles are looked
for in the debris of the initial high-ener-
gy particle collisions; searches of this
kind have become virtually a rite of pas-
sage. Monopoles have also been sought
among the by-products of collisions be-
tween cosmic rays and atoms in the at-
mosphere. Experiments of another kind
have attempted to detect monopoles
among the iron atoms of terrestrial and
extraterrestrial substances. So far none
of these searches has succeeded.

How are the experiments done? One
approach is to look for monopoles in
iron that has been exposed to a beam of
high-energy particles from an accelera-
tor. If monopoles are produced by such
a beam, some of them should bind to the
iron by inducing an opposite magnetic
charge in the material (much as a note-
holding magnet, say, clings to the door
of a refrigerator). A powerful electro-
magnet should then be able to pull the
monopoles out of the iron. Monopoles
liberated in this way would be detected
in particle counters designed so that
only very strongly ionizing particles
would be recorded. Samples of iron ore
collected from the rocky outcroppings
of old mountains are another potential
source of material for this method of
extracting monopoles. Indeed, this ap-
proach was initially taken in the 1940’s
by Willem Malkus of the University of
Chicago.

Another detection method, first dis-
cussed in the 1960’s, was implemented
in the 1970’s by Luis W. Alvarez and his
colleagues at the Lawrence Berkeley
Laboratory of the University of Califor-
nia. In their device a sample of material
suspected of harboring magnetic mono-
poles is passed repeatedly through a su-
perconducting coil. On each pass of a
magnetic monopole the electric current
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in the coil would presumably increase
by a small amount. Because the coil
is superconducting the incremental in-
duced current would persist indefinitely.
The task then becomes one of measur-
ing the extremely small signal induced
by multiple passes of a single monopole.
By means of this technique Alvarez and
his colleagues were able to show that the
density of magnetic monopoles in rock
samples recovered from the surface of
the moon is less than one for every 1028
protons. Even at this limiting abun-
dance, however, there could still be an
average of one monopole in every 20
kilograms or so of matter.

A less direct way of hunting for mag-
netic monopoles is to look for signs of
the creation and destruction of a mono-
pole-antimonopole pair. In theory a pair
of this type could be created when a
high-energy photon passes near a pro-
ton, just as an electron-positron pair is
known to be produced [see illustration on
page 116]. The oppositely charged mono-
poles would exist for only a moment,
however. They would immediately be
attracted to each other, bending their
paths in a way that would cause them to
spew out photons of bremsstrahlung, or
“braking radiation.” They would soon
come together and annihilate each oth-
er, converting their mass into additional
photons.

This hypothetical mechanism was in-
voked by Malvin A. Ruderman and
Daniel Zwanziger of New York Univer-
sity in the mid-1960’s to explain a few
unusual cosmic-ray events recorded in
the late 1950’s. Each of the events con-
sisted of a single jet of tightly bunched,
very energetic, photon-induced show-
ers of electrons in which there was no
evidence of any strongly interacting nu-
clear particles. Two subsequent experi-
ments done with the large proton accel-
erator at the Fermi National Acceler-
ator Laboratory (Fermilab) found no
evidence of showers of this type. (One
of the experiments was done by a group
from the Virginia Polytechnic Institute
and State University and the other by
a group from the University of Michi-
gan.) If the process is real, it might take
place only at energies higher than those
currently available in particle accelera-
tors. Alternatively, the process could be
much rarer than the cosmic-ray evi-
dence suggests.

In 1975 the world of physics was jolted
by the announcement that a magnet-
ic monopole had been discovered. The
claim was made by investigators at the
University of California at Berkeley and
the University of Houston. Their evi-
dence was an anomalously thick, dark
track, presumably of cosmic-ray origin,

SYMMETRY between magnetic monopoles and electrically charged particles such as the pro-
ton extends in theory to their antimatter counterparts. A north monopole (¢) would have as its
antiparticle a south monopole (a’), just as the proton () has as its antiparticle the antiproton (5°).
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recorded in a stack of photographic
emulsions and plastic sheets. The detec-
tor had been exposed to cosmic rays
while it was suspended from a balloon
flown at high altitude for two and a half
days. Soon after the announcement the
interpretation of the event as evidence
of the passage of a magnetic monopole
came under widespread criticism. A cos-
mic-ray experiment of this kind is char-
acterized by its area-time factor: a mea-
sure of the area of the detector multi-
plied by the exposure time. The detector
in which the candidate track was seen
had an area-time factor roughly a mil-
lion times smaller than that attained in
previous searches in which no mono-
pole had been seen. In the analysis of
moon rocks by Alvarez and his col-
leagues, for example, the rocks had been
exposed to particles of all kinds for bil-
lions of years.

Other problems with the monopole
interpretation of the event subsequent-
ly led the experimenters to suggest in-
stead that the track might have been
caused by the passage of a superheavy
atomic nucleus or a massive antiparti-
cle. One benefit of the episode is that
it has inspired a careful evaluation of
the pivotal question of how a magnetic
monopole would lose energy through
ionization. Even so, the question re-
mains unsettled.

At about this time the prospects for
magnetic-monopole hunters suddenly
brightened. Working independently, Ge-
rard 't Hooft of the University of
Utrecht in the Netherlands and Alexan-
der M. Polyakov of the Landau Insti-
tute for Theoretical Physics near Mos-
cow found that a certain class of theo-
ries of elementary-particle interactions
not only allow magnetic monopoles but
also demand them. Furthermore, the
new theories, which are called gauge
theories, indicate that the monopoles
must be much more massive than any
particle previously seen or even predict-
ed. In retrospect it was hardly surprising
that none had been detected up to then.

Besides having an extraordinarily
large mass, the magnetic monopoles
proposed by ’t Hooft and Polyakov
differ in several other respects from
the original Dirac monopoles. For one
thing, the ’t Hooft-Polyakov monopoles
do not require a string. For another, they
are not pointlike particles, although
they are expected to be too small to be
directly measured.

The superheavy °'t Hooft-Polyakov
monopoles play an important role in at-
tempts to construct a “grand unified the-
ory” to describe three of the four known
forces of nature. Two of these forces,
the electromagnetic force and the weak
nuclear force, are already linked by the
highly successful electroweak theory,
which treats them as different manifes-
tations of a single underlying force. The
goal of most of the current attempts to
create a grand unified theory is to arrive
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at a more comprehensive mathematical
structure that would incorporate both
the electroweak force and the strong nu-
clear force (omitting only gravity, the
fourth known force).

One of the most interesting conse-
quences of such grand unified theories is
the prediction that the proton will decay
into other particles. To account for such
a disintegration novel particles called
leptoquarks are introduced to change
quarks (the supposed constituents of
particles such as the proton) into leptons
(particles such as the electron that re-
spond to the weak nuclear force but
not to the strong one). The leptoquarks

would be extremely heavy, perhaps
1014 times as heavy as the proton. If, as
the ’t Hooft-Polyakov hypothesis sug-
gests, a superheavy magnetic monopole
is associated with the leptoquarks, the
monopole would have a mass of about
1016 proton masses, or roughly 20 nano-
grams. This is an exceedingly large mass
for an elementary particle, comparable
to that of a paramecium or an amoeba.

Superheavy monopoles could have
been created only in the first 10-35
second after the birth of the universe.
The big bang of creation would have
been the only event hot enough (almost

1030 degrees Kelvin) to generate such
particles. Both north and south magnet-
ic monopoles would have been formed,
and a small fraction of them would
have recombined, annihilating each oth-
er. Most of the superheavy monopoles
would have escaped an early death,
however, and there is no reason to
think they would not have survived
to the present. It is unclear where the
monopoles would have collected as the
universe evolved, but then it is also un-
clear how the universe evolved from the
big bang into the galactic structures we
see today.

One feature of our own galaxy makes

TIME REVERSAL would have a peculiar effect on an electrically
charged particle moving through the magnetic field produced by a
magnetic monopole. In a a proton is shown moving along a curved
path through a perpendicular magnetic field generated by electric
currents flowing in a pair of wire loops. If the direction of time is re-
versed (a’), both the currents (and therefore the magnetic field) and
the motion of the proton would be reversed. The path of the proton,

however, would be invariant: the particle would simply retrace the
same path in the opposite direction. In 5 a proton is shown moving
along a similar path through the magnetic field produced by an ideal-
ized array of north and south monopoles. In this case reversing time
would leave the magnetic field unchanged (5’). Although the pro-
ton would reverse direction, it would not retrace its path; such a re-
sult would be a violation of the principle of time-reversal invariance.

115

© 1982 SCIENTIFIC AMERICAN, INC




it possible to set a stringent limit on the
number of magnetic monopoles that
could be present locally. The galaxy has
a magnetic field, and although it is weak
(on the order of a hundred-thousandth
of the earth’s magnetic field), it extends
over enormous distances. A monopole
caught in the galactic field would be
accelerated to very high energy and
would eventually escape from the gal-
axy’s gravitational attraction. Because
the monopoles would be extremely mas-
sive, however, they would still move
slowly (at velocities of a few thou-
sandths the speed of light).

Eugene N. Parker of the University of
Chicago has pointed out that if there
were too many monopoles of this kind
in the galaxy, they would destroy the
galaxy’s magnetic field. His argument is
based on the fact that the magnetic field
of the galaxy is generated by the large-
scale circulation of electrically charged
particles. As a magnetic monopole is ac-
celerated it would drain energy from the
galactic field by slowing the currents of
moving electric charges. The existence
of a galactic magnetic field therefore
places an upper limit on the population
of magnetic monopoles in the galaxy.

The maximum density of monopoles
in the universe is related to the unre-
solved question of whether the universe
will continue to expand forever or will
eventually collapse. The outcome de-
pends on the amount of matter in the
universe. The amount of visible mass
(that is, the mass of luminous objects
such as stars) is not quite enough to
cause the expansion to slow, stop and
ultimately reverse. Unless there is some
additional, unseen mass the expansion
of the universe will gradually slow, but
it will never stop.

Is there enough invisible matter in the
universe to affect its fate? What form of
matter could be present in great abun-
dance and yet remain undetected? One
possibility is that the missing mass con-
sists of neutrinos, which rarely interact
with other particles and never give off
light. The neutrino was long thought to
be massless, but there is now much spec-
ulation that it does have a small mass.
Because neutrinos are thought to fill
the universe with an average density of

approximately a million per cubic cen-
timeter, even a small neutrino mass
could make a significant contribution,
although probably not much more than
the visible mass.

In all likelihood superheavy magnetic
monopoles would radiate little light and
hence would also be an invisible compo-
nent of the universe. If the monopoles
have a mass 1016 times the proton’s
mass, it would not take many of them to
greatly augment the total mass. At a
concentration of just one monopole
for every 1016 protons there would be
roughly as much mass in monopoles as
there is in luminous matter. It does not
seem feasible for the total mass of the
universe to be much more than 10 times
the visible mass, and so as an upper limit
the ratio of magnetic monopoles to pro-
tons must be less than one to 1015,

In 1979 John P. Preskill, then a gradu-
ate student at Harvard University,
combined the grand unified model of
the strong, weak and electromagnetic
forces with standard cosmology to ar-
gue that there should be about one mag-
netic monopole for each proton in the
universe. From the analysis of the ex-
pansion rate of the universe, on the oth-
er hand, it appears that there should be
less than one monopole per 1015 pro-
tons. Preskill formulated a dilemma: Ei-
ther the role of magnetic monopoles in
the grand unified theories is wrong or
standard cosmology is wrong. One way
out of Preskill’s dilemma is to adjust
the cosmological model, allowing more
monopole-antimonopole annihilations
in the early moments of the universe.
Another option is to suppress the esti-
mated initial production rate of mag-
netic monopoles by some unspecified
mechanism.

Recently George Lazarides, Qaisar
Shafi and Thomas Walsh of the Europe-
an Organization for Nuclear Research
(CERN) in Geneva considered how the
predicted density of superheavy mag-
netic monopoles in the universe could
be reduced by adjusting either particle
theory or cosmological theory. They
concluded that the interaction of mono-
poles with the galactic magnetic field
sets a limit on the ratio of magnetic
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PARTICLE-ANTIPARTICLE PAIR, consisting of a north monopole and a south monopole,
could be created when a high-energy photon, or quantum of electromagnetic radiation, inter-
acts with an electrically charged particle such as a proton. The mutual attraction between the
monopoles, however, would cause them to collide, converting their mass back into photons.
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monopoles to protons of about one to
1020, Given that abundance, some 200
monopoles per year would be expected
to pass through an area of one square
kilometer. A more conservative esti-
mate, based on a more uniform distri-
bution of monopoles in the universe,
would result in a flux of a few mono-
poles per year per square kilometer.

For the first time the theory of mag-
netic monopoles thus provides estimates
of the expected mass and flux of mag-
netic monopoles. Armed with these esti-
mates, however rough they are, the ex-
perimenter now has a fresh field to ex-
plore. The predicted flux of magnetic
monopoles is small, but not so small that
it is out of the question to look for them.

One place to look for superheavy
monopoles is in large-scale natural ef-
fects. Indeed, this is the direction origi-
nally suggested by Parker a decade ago.
One of us (Carrigan) has speculated on
the fate of monopoles in the material
that accreted to form the solar system.
As the earth condensed, for example,
magnetic monopoles would have sunk
toward the center under the influence of
the planet’s gravitational and magnetic
fields. North monopoles would have
collected near the south geomagnetic
pole and vice versa.

From the geologic record it is known
that the earth’s magnetic field has re-
versed many times. Such a field reversal
would cause the two separated popula-
tions of monopoles to migrate toward
and then through each other. During
their journey some monopoles and anti-
monopoles would be annihilated, liber-
ating the enormous energy embodied in
their mass. From the measured heat
flow at the surface of the earth one can
set a rough limit on the number of
monopoles trapped in the core; the num-
ber calculated in this way is consistent
with other experimental limits on the
abundance of superheavy monopoles.

A more straightforward approach is
to construct a detector specifically to
search for these heavy, rare particles.
The design of such a detector, however,
is not obvious. Indeed, the art of search-
ing for massive monopoles is now at one
of those engaging moments in science
when a wealth of ideas, many of them
quite bizarre, are at war on paper and
over lunch tables. Massive monopoles
are expected to travel slowly, at speeds
far below the velocity of light. Just what
would happen when a slow-moving
monopole struck an atom is not clear.

The collision of a superheavy mono-
pole and a stationary atomic nucleus
would be like a steamroller hitting an
ant. A cosmic-ray monopole could lose
a huge amount of energy to many such
encounters as it plowed its way ponder-
ously through the earth, and it might
still emerge virtually unscathed from
the other side. Under these circum-
stances it is difficult to predict what de-
gree of ionization would be observed in



a detector. One view holds that there are
enough fast-moving monopoles for de-
tectors relying on ionization to be used
in the search. The other view is that ioni-
zation will be seen rarely and only weak-
ly, so that unconventional techniques
would be needed to detect monopoles.
In either case, an extremely large detec-
tor is clearly needed if the experimenter
is to observe a monopole event in his
lifetime.

One detector that records the light
generated by ionization and covers
many square kilometers has been devel-
oped by Haven E. Bergeson, George L.
Cassiday and Eugene C. Loh of the Uni-
versity of Utah. The device, called the
fly’s-eye detector, is an array of photo-
multiplier tubes directed at the night
sky; it registers the light given off by sec-
ondary particles produced by rare ultra-
high-energy cosmic-ray interactions in
the upper atmosphere. As the secondary
particles shower down toward the earth
they collide with nitrogen atoms in the
atmosphere, causing them to scintillate.
The fly’s-eye detector can distinguish
this light only if the total energy released
in the event is equivalent to at least 100
million proton masses. The passage of a
magnetic monopole, even with the most
optimistic estimate of its ionization rate,
would give rise to less than a ten-thou-
sandth of the light needed to set off the
detector.

The ability of such a detector to re-
spond to particle-induced scintillations
is limited by background illumination
from stars, overflying aircraft and other
sources such as the beacon lights of dis-
tant radio towers. One suggestion for
alleviating the problem of background
light is to mount a detector on the rim of
the Grand Canyon, point it into the can-
yon and record data only on cloudy
nights. Even this measure, however,
would reduce the background light only
tenfold. In addition it might be difficult
to get hikers to forgo campfire meals for
several years. Perhaps a fly’s-eye detec-
tor could be installed in a large cave or a
salt mine such as those now being used
to look for proton decay.

Another large-volume detector now
being planned is the Deep Underwa-
ter Muon and Neutrino Detector (DU-
MAND), which will be sensitive to events
within a cube of ocean about a kilome-
ter on a side [see “A Deep-Sea Neutrino
Telescope,” by John G. Learned and
David Eichler; SCIENTIFIC AMERICAN,
February, 1981]. pumaND will respond
to the Cerenkov radiation emitted when
a particle moves through the seawa-
ter faster than the speed of light in wa-
ter. Unfortunately superheavy magnetic
monopoles would probably move too
slowly to give off Cerenkov radiation.

Some of the largest existing scintilla-
tion detectors, such as the giant neutrino
detectors at Fermilab and CERN, are
too small by a factor of about 100 to
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have a good chance of observing mag-
netic monopoles if the flux is limited by
the galactic magnetic field. Neverthe-
less, it may still be useful to turn these
detectors to searching for monopoles
during accelerator shutdowns, when
otherwise they would be unemployed,
since the experimental limits for slow-
moving, superheavy particles are not
well defined. A preliminary search just
completed by Jack D. Ullman of Leh-
man College in New York employed a
detector half a meter square operating
for several months, thereby providing
the only experimental limit obtained to
date. Definitive experiments will have to
be 10,000 times as sensitive.

he contrary view holds that all

searches with ionization detectors
are doomed to failure because the slow-
moving, superheavy monopoles will
cause no ionization. The passage of any
charged particle through metal is ac-
companied by eddy currents, however,
regardless of the particle’s speed and of
whether its charge is electric or magnet-
ic. The eddy currents can be expected to
create acoustic pulses, which might be
detected. Carl W. Akerlof of the Univer-
sity of Michigan has checked the possi-
bility of constructing a spherical metal
detector along these lines and has con-
cluded that a signal could be detected
above the background of thermal noise
only if the detector is cooled to a few
millidegrees above absolute zero. This
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MONOPOLES TRAPPED IN THE EARTH would tend to collect
at two places in the earth’s core. According to an estimate made by
one of the authors (Carrigan), the equilibrium points where the pop-
ulation of monopoles would be densest would be less than 1,600 kil-
ometers from the center of the earth. North monopoles would ac-
cumulate closer to the south geomagnetic pole and vice versa (lef?).
Following a reversal of the earth’s magnetic field (an event observed
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difficult technical requirement is com-
pounded by the necessity of making the
detector large enough to sense the low
expected flux of monopoles.

One comparatively simple strategy
for detecting superheavy monopoles
calls for a superconducting coil similar
to the one employed by Alvarez and
his colleagues. The detector is called a
sQuib (for superconducting quantum
interference device), and it registers
changes in an electric current when
a free cosmic-ray monopole passes
through it. Blas Cabrera of Stanford
University is currently searching for
monopoles with a superconducting nio-
bium coil five centimeters in diameter.
Cabrera also has a second monopole
search under way. In the latter experi-
ment he inflates a cylindrical, supercon-
ducting lead bag one meter long and 20
centimeters in diameter, expelling most
of the trapped magnetic flux. If a mag-
netic monopole penetrates the bag, it
will leave trapped magnetic flux in the
parts of the wall where it entered and
left. By mapping the magnetism of the
bag periodically, differences in the flux
patterns can be attributed to the passage
of a monopole. If a monopole is detect-
ed, rough information on its direction
will be recorded.

Recently David B. Cline of Fermi-
lab and the University of Wisconsin at
Madison and Carlo Rubbia of CERN
and Harvard University have initiat-
ed an ambitious monopole-detection ef-
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fort. They plan to mount a supercon-
ducting detector under an iron-ore proc-
essing plant in Wisconsin. The plant
heats more than a million tons of ore
per year to a temperature of 1,700 de-
grees Celsius. At this temperature any
magnetic monopoles trapped in the iron
would be released, allowing them to fall
through the detector.

he story of the magnetic-monopole

conjecture is unlike any other in
physics. Begun half a century ago by one
of the giants of modern physics, the hunt
for monopoles has been afertile field for
theoretical speculation but to date it has
been barren of any supporting exper-
imental evidence. The discovery of a
magnetic monopole would rank as one
of the finds of the century, comparable
to the discovery of the positron, Dirac’s
other great prediction. If the monopole
were found to be very massive, the case
for some form of grand unified theory of
elementary-particle interactions would
be strengthened.

In the more likely event that no mag-
netic monopoles are found, the nega-
tive evidence will continue to be viewed
as inconclusive. The necessary experi-
ments will be difficult, and even if they
are perfectly executed, a null result will
not bring much clarity to the situation.
Nevertheless, the ultimate vindication
of the monopole idea rests in these
searches, since physics is in the final
analysis an experimental science.

/3

repeatedly in the geological record) the two segregated populations
of monopoles would migrate through each other (right). Some pairs
of north and south monopoles would meet and annihilate each other,
converting their mass into energy. Even a very small density of super-
heavy monopoles could contribute noticeably to the outflow of heat
at the earth’s surface. Accordingly the observed heat flux sets a lim-
it on the number of monopoles that could be trapped in this manner.
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Variations in Medical Care
among Small Areas

The amount and cost of hospital treatment in a community have more

to do with the number of physicians there, their medical specralties

and the procedures they prefer than with the health of the residents

by John Wennberg and Alan Gittelsohn

here is a city in Maine where the
I surgical procedure of hysterecto-
my (removal of the uterus) was
done so frequently in the past decade
that if the rate persists, 70 percent of the
women there will have had the opera-
tion by the time they reach the age of 75.
In a city less than 20 miles away the rate
of hysterectomy is so much lower that if
it persists, only 25 percent of the women
will have lost their uterus by age 75.
What could account for the disparity? It
seems unlikely that there would be any
large difference in the general health of
the populations of the two neighboring
cities, and after looking into the matter
we have found none. The populations
are similar in economic status. Differ-
ences in the number of physicians, the
supply of hospital beds and coverage by
medical-insurance plans cannot explain
the difference in the rate of surgery. In-
stead the most important factor in deter-
mining the rate of hysterectomy seems
to be the style of medical practice of
the physicians in the two cities. In one
city surgeons appear to be enthusiastic
about hysterectomy; in the other they
appear to be skeptical of its value.

We have examined the rate of surgery
and other forms of medical treatment
in 193 small areas in the six states of
New England. The overall rate of sur-
gery varies more than twofold among
the areas. The total rate in a given area
is correlated strongly with the number
of surgeons there and with the number
of hospital beds per capita; these are
factors that themselves vary substantial-
ly. The amount spent per capita on treat-
ment in hospitals is also quite different
from one area to the next. The rates of
three of the most common surgical pro-
cedures (hysterectomy, prostatectomy
and tonsillectomy) vary even more dra-
matically: the highest rate is six times
the lowest one. Even in communities
with the same overall rate of surgery
the rates of individual procedures can
differ greatly. Hysterectomy, prostatec-
tomy and tonsillectomy cause much con-
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troversy among physicians. In the ab-
sence of general agreement on their val-
ue for individual patients the style of
practice of the individual physician ap-
pears to take precedence.

The substantial variation from area to
area in the consumption of medical care
and in its per capita cost is sustained by
the policies of hospital boards and ad-
ministrators, regulatory agencies and
providers of medical insurance. The
policies seldom take into account the ex-
isting level of health care in a communi-
ty; a common result is an increase in
medical services in areas that already
have high rates of consumption. When
such inequities develop, the people re-
ceiving the greater number of medical
and surgical procedures do not neces-
sarily benefit, particularly when the pro-
cedures entail substantial risk.

he 193 areas employed in our work

cover the states of Connecticut,
Maine, Massachusetts, New Hamp-
shire, Rhode Island and Vermont. Our
aim in constructing the areas was to
specify the population that attends one
local hospital. Except in cases of disor-
ders requiring elaborate treatment (such
as cardiac surgery) people are generally
treated at a nearby hospital. The atti-
tude of the physicians at that hospital
therefore has a strong influence on the
rate of a given procedure in the sur-
rounding area.

The analysis of medical care in small
geographic areas has been made possi-
ble by the establishment of computer-
encoded records of hospital admissions
in specific regions. In Maine, Rhode Is-
land and Vermont there are registries
that include information on each patient
admitted to a hospital. The registry lists
the patient’s age, sex, place of residence,
diagnoses, surgical procedures, dates of
admission and discharge and health on
discharge. For Connecticut, Massachu-
setts and New Hampshire our data on
hospital admissions come from studies
in which only the hospital and the pa-
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tient’s place of residence are record-
ed. The expansion of health-insurance
coverage, particularly the passage of
the Federal Medicare Act in 1966, has
yielded additional information about
the medical care of specific populations.

To construct the geographic areas we
extracted from the records each pa-
tient’s residence and the community in
which treatment was received. In the
records we utilized, the residence of the
patient is recorded in the form of his Zip
Code, minor civil division (township,
for example) or census tract. For each of
these small units of residence we deter-
mined the community in which resi-
dents are most likely to be hospitalized.
All townships, census tracts and so on
whose residents were most likely to go
to a particular community to be treated
were combined to form a hospital area.

The 193 hospital areas defined in
this way generally have populations of
between 10,000 and 200,000, which is
large enough for them to have stable
rates of medical procedures. In almost
all the areas the majority of hospital
treatment is provided by facilities within
the area.

By counting the surgical procedures
done on the population of a hospital
area in a given period, the per capita
rate of surgery can be calculated. Simi-
lar methods give the rate of other kinds
of medical treatment. Insurance-reim-
bursement rates can be calculated by
totaling the reimbursements received
by residents and dividing by the num-
ber of residents who are members of an
insurance program. The number of
hospital beds per capita is also readily
determined.

Although the hospital areas can be em-
ployed in a variety of analyses, much
of our work has concerned rates of sur-
gery because the information on surgi-
cal procedures in regional record-keep-
ing systems has been shown to be more
reliable than that for other forms of
treatment or for diagnosis.

After adjusting for differences in age



among populations we have calculated
the rates of hospital admission for surgi-
cal procedures in the 11 most populous
hospital areas in each of three states:
Maine, Rhode Island and Vermont. Pro-
cedures done on residents of a hospital
area are counted toward the area’s total
whether the operation took place within
the area or outside it. Among the hospi-
tal areas in each state the overall rate of
surgery varies by a factor of about two.

The variation in the rates of certain
common procedures are more dramatic
than the variation in the total. The high-
est hysterectomy rate in the 33 areas
(some 90 procedures per 10,000 women
per year in 1975) is about four times the
lowest rate. The highest rate of prosta-
tectomy is also about four times the
lowest rate. For tonsillectomy the high-
est rate (about 60 procedures per 10,000
people per year) is six times the lowest
rate. In many cases the difference be-
tween the extreme rates for a procedure
and the average rate for all the areas is
statistically significant, indicating that
the difference is unlikely to be a result of
chance variation.

Because of the wide range of rates
residents of different areas face
very different probabilities of having
surgery. In one area of Vermont the ton-
sillectomy rate from 1969 through 1971
was such that if it had persisted, 60 per-
cent of all children would have had their
tonsils removed by age 20. In a second
Vermont area the rate was such that
only 8 percent would have had their
tonsils removed by age 20. In the area
with fewer tonsillectomies, however, the
prostatectomy rate was such that 59
percent of all men would have had their
prostate gland removed by age 80.1In a
neighboring area only 35 percent would
have had a prostatectomy by age 80.
It is important to note that such large
disparities in the rate of surgery are not
observed for all common surgical pro-
cedures. The rates of cholecystectomy
(surgical removal of the gallbladder)
and appendectomy, for example, vary
by a ratio of less than three to one. In
few cases is the difference between the
rate for an individual area and the aver-
age rate statistically significant. The rate
of herniorrhaphy (surgical repair of her-
nia) varies even less, and most of the
variation seems attributable to chance.
The ratio of hospital beds to popula-
tion and the average cost of being hospi-
talized also vary greatly among New
England communities. In the 11 most
populous hospital areas in Vermont the
highest ratio of hospital beds to popula-
tion is 6.8 beds per 1,000 people; the
lowest is 3.7. In Connecticut the highest
ratio is more than four per 1,000; the
lowest is less than two. (The ratios have
been adjusted to compensate for resi-
dents treated outside their hospital ar-
eas.) The Federal Health Planning Pro-
gram has specified four beds per 1,000

people as its standard for health-care
planning; the ratios in New England
thus range from well below the standard
to well above it. Furthermore, the differ-
ence between small areas is so great that
the number of beds per capita in a state
or a county (a measure often used in

health planning) is not a reliable indica-
tor of conditions in each community.
The average reimbursement per area
resident by agencies that provide medi-
cal insurance is another highly variable
quantity. In Boston, the area of Massa-
chusetts with the highest rate of Medi-

T

HOSPITAL AREAS of Vermont are small areas in which most residents go to a single hospi-
tal. The hospital areas are indicated by heavy lines; boundaries between townships within an
area are indicated by light lines; hospitals are indicated by circles. The six New England states
have been divided into 193 hospital areas for an analysis of geographic variations in medical
care. Because most care in each hospital area is provided by physicians at the local hospital the
attitudes of those physicians have a large effect on rates of treatment. Although the residents
of most hospital areas appear to have similar health, rates of common surgical procedures vary
as much as sixfold from one area to another. The number of hospital beds per capita and the
amount spent per capita on hospital care also vary greatly. In two areas there are two hospi-
tals. In the areas without hospitals the residents receive most of their care in New Hampshire.
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care reimbursement, an average of $640
was paid to each person enrolled in the
program in 1975. Across the Charles
River in Cambridge the amount was
$540. In Manchester, N.H., less than 50
miles away, it was $176.

The amount spent per capita on all
treatment in hospitals is also quite in-
consistent. In 1975, $324 was spent per
capita in Boston; in Providence, $225
was spent. In New Haven, on the other
hand, per capita expenditure was $153;
in Hanover, N.H., it was $120. In all
these areas the majority of admissions
are to major teaching hospitals. The

services provided in the hospitals are
probably similar; one would not expect
such a disparity in the amount spent on
treatment.

Our work has shown that residents of
some areas receive much more medical
treatment than others and spend more
on that care. Why? One might assume
that such differences are caused by bet-
ter health in some communities, but this
does not appear to be the case. Surveys
we made in selected hospital areas show
that differences in the health of residents
and in the other factors that affect the
demand for medical care account for
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HOSPITAL 1 2 3 4 5 6 7 8 9
A 55 1,236 200 19 76 4 8 18 49
B 0 82 0 16 85 826 10 7 18
C AND D 3 37 4 18 0 82 1421 831 2332
OTHER HOSPITALS 6 104 129 10 32 92 386 72 230

GEOGRAPHIC DIVISIONS from which the 193 hospital areas were assembled included
townships, census tracts and Zip Code units. Patients’ addresses and the hospitals where they
were treated were taken from regional registries of hospital treatment. (Whether the town, the
Zip Code or the census tract was recorded depended on the state.) For each small geographic di-
vision it was determined which community the residents were most likely to go to for hospital
treatment. The illustration shows nine townships whose boundaries are indicated by light lines.
There are four hospitals in the townships, indicated by circles: one hospital each in townships 2
and 5 and two hospitals in township 8. The table indicates where the residents of each town-
ship went for hospital treatment in a single year. On the basis of this information the townships
were combined to form the three hospital areas whose boundaries are indicated by heavy lines.
In each hospital area most of the residents are treated at hospitals in a single community.
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only a small amount of the difference in
the consumption of services.

Ronald M. Andersen and Lu Ann
Aday of the University of Chicago
have listed certain characteristics that
influence whether or not an individual
will seek medical treatment. The most
important factors are those that affect
the person’s health or the perception
of health. A variety of studies, however,
have found that “enabling factors” such
as income, health-insurance coverage
and education can also have a strong
effect. In addition “predisposing fac-
tors” such as skepticism or faith in medi-
cine appear to play a role. In the course
of our work we have tried to determine
how much of the observed difference in
medical care could be explained by such
characteristics. With Floyd J. Fowler,
Jr., of the University of Massachusetts
at Boston we interviewed residents of six
Vermont hospital areas. The residents
were chosen to provide a representative
sample of the local populations.

he total surgery rate and the amount

spent per capita on hospital treat-
ment differed as much as twofold in the
six areas; rates of some surgical proce-
dures varied even more. The interviews,
however, showed that the residents dif-
fered little in the factors affecting the
consumption of medical services. The
average numbers of episodes of acute
and chronic illness in each area were
similar, as were the proportion of peo-
ple with an income below the poverty
level, the proportion with various kinds
of health insurance and the proportion
with access to a physician. Indeed, ap-
proximately equal proportions of the
people in the areas visit a physician each
year, as would be expected in popula-
tions of similar wealth and health. The
large differences in surgical rates and
the amount spent on hospital care must
therefore be traced to factors that come
into play after patients have contact
with physicians.

What is it that takes effect after the
patient sees a physician to increase the
patient’s chance of being hospitalized
or of having surgery or a diagnostic pro-
cedure? The crucial factor appears to
be the system of medical care in the
community. Although health and other
demographic factors do not differ much
among the six areas, the number of hos-
pital beds and the number of physicians
in proportion to the population vary
widely. Moreover, the supply of hospi-
tal facilities and the types of physicians
who practice in the area are closely cor-
related with overall consumption rates.
Where there are many hospital beds per
capita and many physicians whose spe-
cialty or style of practice requires fre-
quent hospitalization, there is more
treatment in hospitals and greater ex-
penditure per capita for hospital care.
In hospital areas where there are many
general surgeons the surgery rate is high.



The surgery rate and the rate of hospi-
talization are also high in communities
where a large proportion of the general
practitioners do surgery. In areas where
there are many internists many diagnos-
tic tests are given.

That the overall rate of surgery is in-
fluenced by the ratio of surgeons to pop-
ulation has been known for some time.
In 1970 John P. Bunker of the Stanford
University School of Medicine found
that the total surgery rate in the U.S.
was about twice that in Britain, where
there are fewer surgeons per capita. In

1973 a study supported by the Ameri-
canCollege of Surgeonsshowed ananal-
ogous relation in regions of the U.S.

he total rate of surgery and the like-

lihood of being admitted to a hos-
pital for treatment thus depend on the
supply of physicians and hospital beds
in the area. The wide variations in the
rates of individual procedures, howev-
er, are not caused by differences in the
supply of resources alone. Our work
suggests that such variations are due to
differences in the style of medical prac-

tice of local physicians. We examined
the total surgery rate and the rate of in-
dividual procedures in the five most
populous hospital areas in Maine. In
three of the areas the total rate is close
to the average for the state, in one area
the rate is above average and in one it is
below average. In each area, however, a
different surgical procedure is the com-
monest one; all the commonest proce-
dures are among those whose rates vary
widely. For example, hysterectomy is
the commonest procedure in one of the
areas but the least common in another,
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RATES OF SURGICAL PROCEDURES vary greatly among hos-
pital areas. The rates shown are for the six commonest surgical pro-
cedures for the repair or removal of an organ in the 11 most popu-
lous hospital areas of Maine, Rhode Island and Vermont. The rate
of tonsillectomy varies about sixfold among the 33 areas; the rates
of hysterectomy and prostatectomy vary about fourfold. Moreover,
many of the extreme rates for these procedures differ from the aver-

age rate for the state by an amount that is statistically significant (co/-
or). There is much disagreement among physicians on the value of
these procedures and the conditions for which they should be done.
The rates of cholecystectomy (gallbladder removal) and appendecto-
my vary less, and few of the extreme rates for these procedures differ
from the state average by an amount that is statistically significant.
The rate of herniorrhaphy (surgical repair of hernia) varies least.
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PROBABILITY OF HAVING SURGERY in 11 Vermont hospital areas has a wide range of
variation as a result of the differences in surgical rates. In each graph the lines indicate the frac-
tion of the population that would have had the procedure if the rates of surgery prevailing in
about 1970 had persisted. The top line is for the area with the highest rate of the 11. The mid-
dle line is based on the average rate for the state. The bottom line is for the area with the lowest
rate. In one hospital area 60 percent of all children will have had their tonsils removed by age

20, whereas in another area fewer than 10 percent will have a tonsillectomy by that age. The
fractions that will have had hysterectomy and prostatectomy also show substantial differences.
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although the two areas have the same
overall rate of surgery.

In each of the five areas of Maine the
rates of common surgical procedures
constitute a “surgical signature” that
tends to be consistent over many years,
unless physicians leave the area or enter
it. In each signature the rates of some
procedures exceed the state average;
those of other procedures fall below the
average. Nora Lou Roos, Leslie L. Roos
and their colleagues of the University of
Manitoba Faculty of Medicine reached
similar conclusions after analyzing var-
iations in small areas in Manitoba.

We have accounted for the factors
that might influence the rates of surgical
procedures, including the health of resi-
dents, the supply of hospital beds and
the number of physicians. Even taken
together, these factors cannot explain
all the variation in rates of individual
procedures. The strongest remaining
hypothesis is that the judgments and
preferences of physicians give rise to
the surgical signature.

Some of the most persuasive evidence
that the style of practice adopt-
ed by physicians has a strong influence
on surgery rates comes from studies in
which physicians are told of geographic
variations in the rates. The studies also
show that physicians’ attitudes can be
changed. In the 1950’s Paul Lembke of
the University of Rochester employed
information similar to ours to calculate
per capita rates of surgery in communi-
ties near Rochester, N.Y. He also per-
suaded physicians there to undertake an
audit of surgical procedures. Soon after-
ward the rates were reduced in some
areas where they had been high. We fol-
lowed a similar course in Vermont, ex-
cept that no formal audit was made. In-
formation on the rate of tonsillectomy
in each hospital area was given to the
Vermont Medical Society. In the area
with the highest rate physicians estab-
lished the requirement that a second
opinion be obtained before a tonsillecto-
my was done. As a result the probability
that a child living in the area would have
a tonsillectomy before age 20 declined
from 60 percent to less than 10 percent.
It had been suggested that if tonsillecto-
my became much less common at the
local hospital, the people of the area
would go to other nearby hospitals to
obtain the surgery for their children.
This did not happen, implying that de-
mand by residents for the procedure had
not been a major factor in maintaining
the high tonsillectomy rate.

How can the decisions made by physi-
cians vary so widely from one commu-
nity to another a few miles away? It
seems that the procedures whose rates
vary the most are the ones whose risks
and benefits are least well established
in the medical profession. In some in-
stances the value of the procedure itself
has been questioned; in others the crite-
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NUMBER OF HOSPITAL BEDS per capita and the annual amount
spent per capita on hospital treatment also show the influence of geo-
graphic variations in medical care. The data are for the 11 most popu-
lous hospital areas in each of the six New England states. The num-
ber of hospital beds per 1,000 people (adjusted for the number of peo-
ple who leave their hospital area for treatment) ranges from about
two to more than six. The ratios thus range from well below to well

above the four beds per 1,000 established by the Federal Health Plan-
ning Program as a standard. Furthermore, the variation in each state
is so great that the number of beds per capita in the state or county
as a whole (a measure often employed by health-planning agencies)
bears little relation to the conditions prevailing in each community.
The average amount spent on treatment in hospitals in 1975 ranged
from less than $100 per capita to more than $300 in the 66 areas.
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“SURGICAL SIGNATURE?” of a hospital area reflects the specialties and preferences of the
surgeons who practice in the area. Each group of six bars shows the rates of five common surgi-
cal procedures and the total surgery rate for one of the five most populous hospital areas in
Maine. The rates are expressed in relation to the state average. The total surgery rate in each
area is closely correlated with the number of surgeons there. The rates of individual proce-
dures, however, are not determined by the number of surgeons. Areas 2 and 3 have the same
total rate, but their signatures are quite different. In area 2 hysterectomy is the commonest pro-
cedure; in area 3 it is the least common. A signature is generally consistent over many years.
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ria for selecting patients for the opera-
tion are not definitive. Tonsillectomy,
for example, was once done almost rou-
tinely for minor inflammation but is
now usually reserved for more serious
cases. Some practitioners, however, re-
tain the older attitude. In the case of
hysterectomy there is general agreement
on its necessity in uterine cancer. The
operation is most often done, however,
for a variety of less threatening condi-
tions; the appropriateness of the proce-
dure in these circumstances has been
widely questioned.

In contrast, the procedures whose
rates vary little are those that provoke
little disagreement. Inguinal hernia, for
example, is easily recognized; the treat-
ment of choice is surgical repair. Only
where the simultaneous presence of oth-
er conditions makes surgery dangerous
is any other therapy employed, at least
in the U.S. Consequently the rate of sur-
gical repair of hernia is relatively con-
stant in the hospital areas.

The uncertainty of the medical pro-
fession about the controversial proce-
dures can be great indeed. Ira M. Rut-
kow and George D. Zuidema of the
Johns Hopkins University School of
Hygiene and Public Health and one

of us (Gittelsohn) recently surveyed a
group of randomly selected surgical
specialists. Each surgeon was given a set
of fabricated case histories and asked
whether he would recommend a partic-
ular surgical procedure for them. There
was a marked divergence of opinion.
For the three fictitious cases related to
hysterectomy 25 percent of the surgeons
thought none of the cases warranted sur-
gery; 5 percent thought all three did.
The remaining 70 percent recommend-
ed surgery in one case or two cases. Sim-
ilar inconsistencies appeared for breast
surgery, varicose-vein surgery, tonsil-
lectomy, gallbladder removal, cataract
surgery and prostatectomy.

Earlier studies had also demonstrated
extreme conflicts of opinion. In 1934
workers from the American Child
Health Association chose 1,000 school-
children to be examined by physicians,
who were to determine whether or not
they should have their tonsils removed.
Six hundred children had already had
the procedure and were removed from
the sample. The remaining 400 were ex-
amined by school physicians, who rec-
ommended that 45 percent have a ton-
sillectomy. Those that remained after
the first round of examinations were ex-
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TONSILLECTOMY RATE in Vermont demonstrates the strong influence of physicians’
preferences on how often a surgical procedure is done. The colored line is for the hospital area
with the highest tonsillectomy rate in the state. The gray line shows the state average. The sol-
id black line is for the area with the lowest rate in the state. In 1971 physicians in the area
with the highest rate were told of that fact. They established the practice of obtaining a second
opinion before a tonsillectomy was done, and the rate fell to a level roughly equal to the lowest
in the state. (The decline before 1971 followed a single physician’s leaving the hospital area.)
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1977

amined by another group of physicians
who recommended that 46 percent of
them have their tonsils out. A third
examination by still another group of
physicians led to 44 percent of the re-
mainder having tonsillectomy recom-
mended. After three successive rounds
only 65 of the original 1,000 children
had not had tonsillectomy recommend-
ed for them.

For many common illnesses well-de-
signed clinical studies to test alternative
forms of therapy have not been done.
For this reason there is conflicting infor-
mation on whether a particular proce-
dure will improve a patient’s health or
the quality of his life. Many diagnostic
and therapeutic techniques are adopted
or discarded on the basis of fashion or
a physician’s personal experience rath-
er than on more reliable grounds.

In the absence of authoritative stan-
dards differences among physicians
in perceptions of illness and preferences
for treatment appear to be the cause of
much variation in rates of surgery and
other kinds of treatment. The variation
is perpetuated by regulatory agencies
and providers of medical insurance. In
determining whether new hospital facil-
ities should be constructed, for example,
regulatory agencies often rely on the oc-
cupancy rate of local hospitals and the
average cost of treating a particular kind
of case there. Such measures of econom-
ic efficiency are not strongly correlated
with the per capita consumption of med-
ical services in the community or with
the amount spent per capita on medical
services. Utilization of narrow econom-
ic criteria may lead to an increase in
medical care in areas where rates are
already well above the average.

Our colleagues Richard J. Greene,
Harvey M. Sapolsky and Drew Alt-
man of the Massachusetts Institute of
Technology have examined all deci-
sions by regulatory agencies concerning
the building of new hospital facilities
in Maine, Rhode Island and Vermont
from 1975 through 1978. Hospitals in
areas where the ratio of hospital beds
to population was above the standard
of four per 1,000 were just as likely to
seek permission to add beds as those
in areas where the ratio was below the
standard. Moreover, the likelihood that
health-planning officials would agree
that new beds were needed had no rela-
tion to the ratio.

The cause of such irrational decisions
is the tendency to consider a hospital in
isolation from the level of medical care
in the surrounding community. An ex-
treme example is a medium-size facility
in Maine that cares for acutely ill pa-
tients. In 1975 hospital officials applied
for permission to add 11 beds. The offi-
cials stated that more physicians were
beingrecruited to the area and that their
patients would need the additional fa-

~cilities. Because of the recruitment of
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OUR RESFARCH IN E-BEAM
LITHOGRAPHY WILL MAKE OUR
1.25 MICRON VLSI CHIP LOOK LIKE
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WE’RE USING
E-BEAMS TO DEVELOP
VERY LARGE SCALE
INTEGRATED CIRCUITS
WITH SUB-MICRON
FEATURE SIZE.

At Honeywell, solid state
electronics is a key technology. We've
already built one of the largest in-
house semiconductor operations in
the United States. But we're fast
expanding our current capabilities
to meet the growing demand for
integrated circuits with extremely
small feature size. Recently, our
research in very large scale integrated
circuits helped us win a contract
for Phase 1 of the Department of
Defense’s VHSIC program.

In Phase O of VHSIC, we
produced a bipolar microcircuit with
1.25 micron feature size and more
than 7000 gates on a 200 X 250 mil chip.
But that’s only the first step. We're
now pushing optical lithography to its
limits, fabricating high-density, near-

micron microcircuits. With the help of
our advanced design automation
system, we are developing a bipolar
chip with 30,000 gates and a CMOS
chip with 300,000 transistors.

At the same time, we're
developing CMOS and bipolar micro-
circuits with 0.5 micron feature size.
But, the micron barrier will not
be broken with conventional optical
lithography. Sub-micron technology
will require significant advances
in four major fields: electron-beam
lithography, dry etching, ion implanta-
tion and low temperature processing.

For the last six years, Honeywell
has been conducting e-beam research.
Currently,computer controlled e-beam
equipment is used to print the masks
that are used in near-micron circuit
printing. In August, 1980, we began

using an e-beam system for direct
writing of very large scale integrated
circuits in the development laboratory
at our Solid State Electronics Division.

One of the problems in e-beam
direct writing is the proximity effects
from high-energy electrons colliding
with the atoms of the resist. At our
Corporate Technology Center, we're
working on an improved polymer
resist that will not degrade during
direct write.

Dry etching techniques, like
plasma etching and reactive ion mil-
ling, are another focus of Honeywell
research. Because dry etching tech-
niques work vertically, they are pre-
ferred to wet etching, which tends
to undercut the layers of the resist.

At Honeywell, we're now in the process
of designing our own reactive ion
milling equipment.

We'’ve taken tremendous strides
in our VLSI capabilities. But there
are still many possibilities in sub-
micron chip technology yet to be
explored.

If you are interested in learning
more about Honeywell’s research
and development of VLSI, you are
invited to correspond with Dr. J. M.
Daughton, Vice President, Solid State
Development Center. If you have
an advanced degree and are interested
in a career in systems analysis, solid
state electronics, sensors, design
automation, or material sciences,
please write to Dr.K. C. Nomura, Vice
President and General Manager, Solid
State Electronics Division. Both may
be reached at this address: Honeywell,
12001 State Highway 55, Minneapolis,
MN 55441.

Honeywell

Although Honeywell engineering is
world-wide, the bulk of corporately-funded
research and applied research is done
in Minneapolis. The most recent Quality
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.

This ideal environment is further
enhanced by Honeywell’s affiliations with
universities across the country. We have
an ongoing program of seminars with
Berkeley, MIT, Stanford, Carnegie Mellon,
the University of Illinois, Cornell, Purdue,
Oregon Graduate Center, and the University
of Minnesota.
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physicians the number of admissions to
the hospital had already begun to rise.
The occupancy rate was then 75 percent
(close to the recommended standard). It
was estimated that the recruitment of
more physicians would raise the occu-
pancy rate above the acceptable level.

At the time the application for new
beds was made the area from which
most of the hospital’s patients came had
6.3 beds per 1,000 people; 80 percent of
the beds were in the hospital whose
management had made the request.
With the addition of 11 beds the ratio
would be 7.0 per 1,000, which is 75 per-
cent higher than the Federal standard.
Furthermore, the rate at which people in
the area were admitted to hospitals was
246 per 1,000 per year, the second-high-
est rate in the state and 50 percent higher
than the state average. The total surgical
rate was one-third higher than the state
average. The per capita rates of four
of the six common surgical procedures
were more than double the state average
and were increasing as the supply of
physicians grew. These facts were not
considered by the state health-planning
officials, who approved the application
for new beds. This case is one of several
we have seen in which regulatory deci-
sions contributed to disparities among
small areas without evidence of a need
for more medical care.

Paradoxically, a low hospital-occu-
pancy rate may also contribute to in-
creases in medical care in areas with
hospitalization rates that are well above
average. Low occupancy rates are taken
to be a sign of inefficiency. A hospital
with a rate of less than 75 percent often
comes to the attention of regulatory
agencies and health planners. Hospital
managers in such a situation fear they
will be compelled to reduce the number
of beds in the hospital; a common re-
sponse is to recruit additional physi-
cians. Such decisions are generally made
without considering the need for the
physicians or the need for the services
the physicians are likely to provide.

he measures that provide the only

direct estimate of the level of health
care in a community are population-
based: the number of hospital admis-
sions per capita, the number of occupied
beds per capita and the amount spent
per capita on hospital care. The last two
measures give the best estimate of the
consumption of medical services in a
community. They depend much more
strongly on the per capita admission rate
than on the average length of stay in
local hospitals or the average cost of a
stay. The narrow measures of efficiency,
however, are the ones more commonly
employed by health planners. The popu-
lation-based rates can be derived from
studies of small areas. Their employ-
ment would make analysis of variation
an explicit consideration in regulatory
decisions, and it could help to reduce
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OCCUPANCY RATE of local hospitals has little relation to the per capita level of hospital
treatment in a community. Regulatory agencies and hospital administrations that utilize the oc-
cupancy rate as a measure of the efficiency of the hospital contribute unwittingly to excessive
medical care. The illustration shows two hospital areas, each of which has 25,000 residents and
a 100-bed hospital. Each area thus has the ideal ratio of beds to people (four per 1,000) set by
Federal agencies. One-fifth of the hospitalized patients from area 4 go to the hospital in area
B, which has an occupancy rate of 90 percent, above the recommended level. The manage-
ment of that hospital asks permission to add 20 beds, a request granted because of the high oc-
cupancy rate. At the hospital in area 4 the occupancy rate is 60 percent, often taken as a sign
of inefficiency. Hospital officials recruit physicians, whose patients raise the rate to 85 percent.
Application is then made to add 20 beds and is approved. As a result the two areas now have
a total of 240 hospital beds, or almost five beds per 1,000 people, well above the standard.

some of the wide variation in services
among hospital areas.

The policies of agencies that provide
medical insurance also contribute to dis-
parities in medical care. As a result of
their policies residents of areas where
rates of consumption are low subsidize
residents of areas where rates are high.
Again, the reason for the imbalance is
that the local level of medical care is
overlooked. The contributions to insur-
ance pools (in the form of private insur-

© 1982 SCIENTIFIC AMERICAN, INC

ance premiums or taxes) are determined
by rates of utilization of medical care
averaged over large regions. In areas
where per capita expenditures for medi-
cal care are lower than the average, part
of the premium goes to pay for services
received by people in the areas with high
rates of consumption.

We examined Medicare contributions
and reimbursements in 16 Vermont hos-
pital areas. The contributions of those
enrolled in the Medicare Part B pro-
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REIMBURSEMENT PER ENROLLEE
UNDER MEDICARE PART B
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POLICIES OF INSURERS that do not take into account local variations in medical practice
effectively subsidize treatment in areas with a high rate of care. The illustration shows the aver-
age reimbursement per enrollee in Medicare Part B in 16 Vermont hospital areas in 1972. En-
rollees paid $68 each; the amount was matched by the Federal Government. In one area the
average reimbursement was less than $68; residents of that area received less than they had
paid out to the Medicare program. In 10 areas reimbursement was between $68 and $136. In
five areas an average of more than $136 was paid to each enrollee. The medical care of enroll-
ees in those five areas was thus subsidized by Medicare recipients and taxpayers in other areas.
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COST IN LIVES of high rates of surgery may be considerable. Of the procedures for which
the authors found substantial geographic variation prostatectomy is the riskiest. The graph
compares the proportion of men who have had a prostatectomy (for a reason other than can-
cer of the bladder or the prostate gland) who survive for a year after the procedure with the
proportion of all male Medicare recipients of the same age who survive for a year. In the
three age groups studied the risk of death is much higher among those who have had a pros-
tatectomy; moreover, the added risk of death persists throughout the year after the procedure.
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gram are uniform: in 1972 they were
$68 per capita. The average reimburse-
ment per capita in the U.S. that year was
$136; Federal taxes paid the $68 differ-
ence. In the area where reimbursement
was lowest, the average amount re-
ceived was less than $68 per person en-
rolled; Medicare recipients in the area
were thus receiving less in services than
they had paid in premiums. In 10 areas
the average recipient got more than $68
but less than $136. In five areas recip-
ients were getting more than $136. In
those communities the physicians who
treated Medicare recipients and the hos-
pitals in which the care was provided
were in effect receiving contributions
from enrollees and taxpayers in regions
where less medical treatment was given.

hen all forms of insurance are tak-

en into account, the value of such
subsidies can be large even in small
communities. We examined two neigh-
boring hospital areas in Vermont. Both
areas have roughly 11,000 residents, dis-
tributed about equally by age and sex.
Surveys of households in the two areas
showed that residents had similar rates
of illness and amounts of medical insur-
ance, and they visited their physicians
about as often. They had, however,
quite different rates of admission to hos-
pitals. We calculated how much would
have been spent on hospital care by resi-
dents of the two areas if their rates of
hospitalization had been the average for
the state. In one area $3 million more
than the average had been spent over a
15-year period. In the other area $4 mil-
lion less than the average had been
spent. Most of the excess $3 million in
the area where the rate was high was
spent at the local hospital, benefitting
the local economy. In the area where the
rate was low, on the other hand, the sav-
ings were not realized in the local econo-
my. Much of the difference was trans-
ferred to other communities (including
the neighboring one) in the form of in-
surance premiums and taxes.

Such subsidies might be more trou-
bling to residents of areas with low rates
of hospitalization if they realized that
the need for services is no greater in ar-
eas where rates are high. Moreover, the
imbalance may not be beneficial to the
recipients of the greater medical care.
Without controlled clinical trials it is
not possible to determine conclusively
which populations are getting better
medical care. Nevertheless, it is clear
that more medical treatment is not nec-
essarily better treatment.

Some of the procedures whose rates
vary widely. are quite risky. Of those
we considered the riskiest is prostatecto-
my. Some 1.3 percent of patients who
have the procedure die in the hospital.
To get an idea of the risks associated
with variations in medical care we cal-
culated how many people would have
died in the U.S. in 1975 from prostatec-
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tomy if the lowest rate in Maine had
been the national average and if the
highest rate had been the national av-
erage. Under the low rate there would
have been 1,900 deaths from prostatec-
tomy; under the high rate there would
have been 6,800 deaths. The difference
of almost 5,000 deaths suggests the pos-
sible cost of geographic variations in
health care. Under the high Maine rate
one man in 100 who had reached the age
of 65 would die in the hospital following
a prostatectomy.

To the person who must choose
whether to have a prostatectomy the
most important consideration is the bal-
ance of risks and benefits from the pro-
cedure. In evaluating the balance claims
information from Medicare is useful; it
enables us to follow for long periods pa-
tients who have had a prostatectomy.
Their chances of surviving can then be
compared with the chances of those who
have not had the operation. We exam-
ined records of about 1,500 men who
had had a prostatectomy in Maine in
1976 and 1977. On the basis of this sam-
ple we estimate that a 67-year-old man
who has a prostatectomy for a condition
other than cancer of the prostate or
bladder has about a 9 percent chance of
dying in the year after the procedure.
For men in this age group who have not
had the procedure the risk of dying with-
in a year is about 3.5 percent.

The savings in lives and money that
would result from making rates of medi-
cal care correspond to the health needs
and preferences of informed consumers
might be considerable. How could this
be achieved? If physicians in an area
where rates are high are made aware
of that fact, rates may fall, eliminat-
ing some unnecessary surgery. Reliable
studies of the effects of various kinds of
treatment might lead to a consensus on
their value and could provide consum-
ers with more information on which to
base their decisions. If regulatory agen-
cies consider the level of health care in
the community, some of the tendencies
toward excess may be restrained. If pre-
miums for medical insurance reflect the
amount of treatment per capita in a giv-
en area, subsidization could be reduced.

The most important factor, however,
may be the emergence of an informed
consumer of medical services. When pa-
tients are aware that different forms of
treatment are available, they can de-
mand information on risks and benefits
and make their own preferences known.
If they know that rates of surgery are
high at the local hospital, they may
choose another. If they realize that a
particular operation is a controversial
one, they may seek the opinion of a
second and even a third physician. In-
formed patients may therefore be the
most important factor in making rates
of treatment reflect health needs and
eliminating unnecessary medicine.
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The Short Life of Evariste Galois

Legend has it that the young mathematician wrote down group theory

the night before he was fatally shot in a duel. More careful investigation

shows that Galois’s remarkable ideas took somewhat longer to mature

30, 1832, the French mathematical

prodigy Evariste Galois, who was
then 20 years old, wrote to his friends
Napoleon Lebon and V. Delauney:

“I have been provoked by two patri-
ots. ... It is impossible for me to refuse. I
beg for your forgiveness for not having
told you. But my adversaries have put
me on my word of honor not to inform
any patriot. Your task is simple: prove
that I am fighting against my will, hav-
ing exhausted all possible means of rec-
onciliation; say whether I am capable of
lying even in the most trivial matters.
Please remember me since fate did not
give me enough of a life to be remem-
bered by my country.

I die your friend,
E. Galois”

On the same night Galois also wrote
to his friend Auguste Chevalier:

“I have made some new discoveries in
analysis. The first concerns the theory of
equations, the others integral functions.

“In the theory of equations I have in-
vestigated the conditions for the solv-
ability of equations by radicals; this has
given me the occasion to deepen this
theory and describe all the transfor-
mations possible on an equation even
though it is not solvable by radicals.
All of this will be found here in three
memoirs. . ...

“Make a public request of [Carl Gus-
tav Jacob] Jacobi or [Carl Friedrich]
Gauss to give their opinions not as to
the truth but as to the importance of
these theorems. After that, I hope some
men will find it profitable to sort out
this mess.”

Galois’s desperate state during the
writing of these letters was fully war-
ranted in view of the subsequent events.
Shortly after sunrise on the morning he
completed the letters he left his room at
the pension Sieur Faultrier in Paris and
confronted a political activist named
Pescheux d’Herbinville in a duel of hon-
or on the banks of a nearby pond. There
Galois was shot in the abdomen and
abandoned. A passerby found him and
he was taken to the Hopital Cochin,
where he died the next day. Fourteen

In the early morning hours of May
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years later the manuscripts he had left
behind for Chevalier were published by
the French mathematician Joseph Liou-
ville, and the extraordinarily fecund
branch of mathematics called group
theory was born.

Few tales in the history of science
can equal the high romance of the
known facts about the life and death of
Galois. Yet because the facts of the sto-
ry are so compelling it is easy to read
too much into Galois’s letters, and it is
tempting to sift through the events that
led up to the duel for an explanatory
thread that can match the melodrama
apparent in his writings.

It is known, for example, that at age
17 Galois was instrumental in creating a
branch of mathematics that now pro-
vides insights into such diverse areas
as arithmetic, crystallography, particle
physics and the attainable positions of
Rubik’s cube. It is also a matter of rec-
ord that at the same age Galois failed
for a second time the mathematics ex-
amination for admission to the Ecole
Polytechnique. He studied instead at the
Ecole Normale in Paris, but by the time
he was 19 he had been expelled from the
school and twice arrested and impris-
oned for his political activities. Shortly
before the duel he had become involved
in an unhappy love affair, which in one
of his last letters he seemed to link with
the duel itself. “I die,” he wrote, “the
victim of an infamous coquette and her
two dupes.”

Unfortunately several of Galois’s
20th-century biographers have not re-
sisted the temptation to arrange, inter-
pret and embellish such facts. The story
of Galois known to most people today
is derived from popular accounts, such
as those by the physicist Leopold In-
feld and the astronomer Fred Hoyle.
The most influential version of the story
has been that of Eric Temple Bell, the
mathematician whose 1937 book Men
of Mathematics is probably the best-
known introduction to the lives of great
mathematicians.

In the popular retellings of the tale
Galois is presented as a misunderstood

© 1982 SCIENTIFIC AMERICAN, INC

genius, oppressed by the stupidity of his
teachers, ignored by the mathematical
establishment and goaded by the events
of the times into political activities that
squandered his energies and eventually
cost him his life. Most remarkable of all,
according to these accounts, is that
throughout the political turmoil and
even during his imprisonment Galois
continued to develop his mathematical
ideas in his head and finally wrote them
down the night before the duel. Bell’s
description of the final night is worth
quoting because it has probably given
the greatest impetus to the Galois myth:

“All night long he had spent the fleet-
ing hours feverishly dashing off his sci-
entific last will and testament, writing
against time to glean a few of the great
things in his teeming mind before the
death which he saw could overtake him.
Time after time he broke off to scribble
in the margin ‘I have not time; I have not
time,” and passed on to the next franti-
cally scrawled outline. What he wrote in
those last desperate hours before the
dawn will keep generations of mathe-
maticians busy for hundreds of years.”

Recently, with the help of Marc Hen-
neaux and Cecile DeWitt-Morrette of
the University of Texas at Austin, I
have studied some of Galois’s writings
and the later scholarly work on his life.
Although it is clear from these materi-
als that the major events in Galois’s life
have been known for some time, the re-
constructions by Bell and others reveal
more about the stereotypes of scientific
genius that appeal to the popular imagi-
nation than they do about Galois. The
true romance of Evariste Galois is a fas-
cinating story in its own right, and it
bears telling on the 150th anniversary of
his death.

part from letters, official records and
other contemporary documents the
principal source on the life of Galois is
an 1896 biography by Paul Dupuy, a
historian and the general superintendent
of the Ecole Normale, the college Ga-
lois had attended 66 years earlier. Ac-
cording to Dupuy, Galois was born on
October 25, 1811, in Bourg-la-Reine, a



suburb of Paris. His father, Nicholas-
Gabriel Galois, supported Napoleon
and headed the town’s liberal party; he
was elected mayor of Bourg-la-Reine in
1815 during the Hundred Days, Napo-
leon’s first return from exile.

For the first 12 years of his life Eva-
riste was educated by his mother, Ade-
ldide-Marie Demante Galois. She gave
her son a solid background in Greek and
Latin, and she passed on to him her
skepticism toward established religion.
It is unlikely, however, that the young
Galois was exposed to mathematics in
any more detail than the usual lessons
in arithmetic; a mathematics education
was not considered particularly impor-
tant at the time. There is no record of
previous mathematical talent on either
side of the family.

Galois’s formal education began in
1823, when he was enrolled in the Col-
lége Royal de Louis-le-Grand, the Paris
preparatory school that was the alma
mater of Robespierre and Victor Hugo
(and is still operating today). At Louis-
le-Grand, Galois immediately began to
develop his political sensibilities. His
liberal, or antiroyalist, sympathies, ac-
quired from his parents, were in accord
with the political opinions of most of
the other students.

During Galois’s first term, however,
relations between the students and a
newly appointed headmaster of the
school were badly strained. The stu-
dents suspected the headmaster of plan-
ning to return the school to Jesuit ad-
ministration; the Jesuits were leaders
of the right-wing backlash that followed
the Napoleonic era. The students staged
a minor rebellion: they refused to sing
at chapel, to recite in class or to toast
Louis XVIII at a school banquet. The
headmaster summarily expelled 40 stu-
dents he suspected of leading the insur-
rection. Although Galois was not ex-
pelled (and it is not known whether he
participated in the uprising), the arbi-
trary action of the headmaster undoubt-
edly helped to foster Galois’s distrust
of authority.

here is little evidence that Galois
was a poor student or that his intel-
lectual growth was stunted by inferior
teachers at Louis-le-Grand, as the pop-
ular accounts would have it. In his first
few years he won several prizes in Greek
and Latin and half a dozen honorable
mentions. The historian of science René
Taton calls his progress brilliant. Nev-
ertheless, during Galois’s third year his
work in rhetoric was inadequate and he
had to repeat the year. Contrary to Bell’s
statement that Galois’s poor work in
rhetoric was a result of his preoccupa-
tion with algebra, it was only after this
setback that Galois enrolled in his first
course in mathematics. He was then 15.
The course, taught by Hippolyte Jean
Vernier, awakened Galois’s genius for
mathematics. He raced through the usu-

\
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DRAWING OF GALOIS by David A. Johnson depicts the mathematician at the age of 17,
while he was a student at the Collége Royal de Louis-le-Grand. At the time Galois had studied
mathematics for only two years, yet he had already published a paper on continued fractions
and had begun the investigations into the theory of equations that led him to consider an ab-
stract algebraic theory of sets of objects he called groups. Credit for the development of group
theory must also be given to several other mathematicians of the late 18th and early 19th centu-
ries, notably Paulo Ruffini, Neils Henrik Abel and Joseph Louis Lagrange. The distinction of
founding group theory, however, is usually accorded to Galois. Johnson’s drawing is based on
the two known renderings of Galois. One was done when Galois was 15 and the other was
completed from memory by Galois’s brother Alfred in 1848, 16 years after Evariste’s death.
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al texts and went straight for the mas-
ters of the day, devouring Adrien Marie

Legendre’s work on geometry and the.

memoirs of Joseph Louis Lagrange: The
Resolution of Algebraic Equations, The
Theory of Analytic Functions and Lessons
on the Calculus of Functions. It was un-
doubtedly from Lagrange that Galois
first learned the theory of equations, to
which he was to make fundamental con-
tributions over the next four years. Ver-
nier seems to have appreciated his stu-
dent’s talents: his remarks in Galois’s
trimester reports carry high praise such
as ‘“zeal and success” and “zeal and
progress very marked.”

With his discovery of mathematics
Galois’s personality underwent a strik-
ing change. He began to neglect his oth-
er courses and aroused the hostility of
his teachers in the humanities. His rhet-
oric teachers called him “dissipated” on
the trimester reports, and the words
“withdrawn,” “bizarre” and ‘“original”
appear on his evaluations. Even Ver-
nier, although not seeking to cool Ga-
lois’s passion for mathematics, urged
him to work more systematically. Ga-
lois did not follow the advice: he decid-
ed to take the entrance examination for
the Ecole Polytechnique a year early
and without the usual preparatory cour-
ses in mathematics. Evidently lacking
some of the basics, he failed.

Galois considered the failure an injus-
tice, and it hardened his attitude
toward authority. Nevertheless, he con-
tinued to progress rapidly in mathemat-
ics and enrolled in the more advanced
course at Louis-le-Grand taught by
Louis-Paul-Emile Richard, a distin-
guished instructor. Richard immediate-
ly recognized Galois’s abilities and
called for his admission to the Ecole
Polytechnique without examination. Al-
though the recommendation was not fol-
lowed, Richard’s encouragement pro-
duced spectacular results. In March,
1829, while Galois was still a student,
his first paper was published. It was ti-
tled “Proof of a Theorem on Periodic
Continued Fractions” and appeared in
Annales de mathématiques pures et ap-
pliquées of Joseph Diaz Gergonne.

The paper, however, was a minor
aside. Galois had already turned to the
theory of equations, the topic he had
first explored in the works of Lagrange.
At age 17 he was taking on one of the

most difficult problems in mathematics,
a problem that had confounded mathe-
maticians for more than a century.

In 1829 the central question for the
theory of equations was: Under what
conditions can an equation be solved?
More precisely, what was sought was a
method of solving an equation having a
single variable x whose coefficients are
all rational numbers and whose highest-
power term is xn. The method was to be
a general one that could be applied to all
such equations, and it was to rely on
only the four elementary operations of
arithmetic (addition, subtraction, multi-
plication and division) and the extrac-
tion of roots. If the solutions or roots of
an equation can be obtained from the
coefficients solely by these operations,
the equation is said to be solvable by
radicals.

From a historical perspective it was
natural to expect that solving an equa-
tion of the nth degree would call for no
operations more elaborate than the ex-
traction of nth roots. The solution to the
general quadratic, or second-degree,
equation ax2+ bx + ¢ =0, known to
the Babylonians, requires the extraction
of the square root of a function of the
coeflicients, namely b2 — 4ac. Hence the
general quadratic equation is solvable
by radicals. Similarly, the general solu-
tion to the cubic equation, devised by
the Italian mathematicians Scipione dal
Ferro and Niccolo Fontana, or Tarta-
glia, in the early 1500’s, requires tak-
ing cube roots of functions of the co-
efficients. The solution to the general
fourth-degree equation, first achieved
by the Italian mathematician Lodovico
Ferrari at about the same time, requires
the extraction of fourth roots.

By the time of Galois, however, near-
ly 300 years of effort had not yielded a
solution by radicals to general equations
of the fifth degree or higher. A number
of mathematicians had come to suspect
that such general solutions are not possi-
ble, even though in special cases, such
as the equation x7 — 2 = 0, the solution
can be found by radicals. (In this in-
stance one solution is 7v/2.) Galois pro-
vided definitive criteria for determining
whether or not the solutions to a given
equation can be found by radicals. Per-
haps even more remarkable than Ga-
lois’s findings in the theory of equations
were the methods he developed to study
the problem. His investigations led to a

MARGINAL NOTE on one of the papers left behind by Galois on the morning of his duel is
the most famous of the documents cited in support of the legend that Galois wrote down his
ideas on group theory in a single night. The note reads: “There is something to complete in this
demonstration. I do not have the time (author’s note).” (“Il y a quelque chose a completer
dans cette démonstration. Je n’ai pas le temps (Note de I’A.).”) According to the familiar ac-
count of the life of Galois by Eric Temple Bell, the phrase “I do not have the time” is written
frequently in the manuscripts. Actually the page reproduced here is the only place the phrase
appears. The rapid handwriting of the note contrasts sharply with the careful and deliberate
hand of the body of the text, which suggests that Galois did not write the paper the night before
the duel but only edited it. Indeed, the paper had already been submitted to the Academy of
Sciences and returned to Galois by Siméon Denis Poisson with suggestions for reworking it.
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IDEA OF A GROUP can be illustrated by
considering the group S(3), which is the group
of permutations of three objects. An element
of S(3) operates on the objects by rearranging
them. The permutation (123) moves the ob-
ject in the first square into the second, the ob-
ject in the second square into the third and
the object in the third square into the first.
Because there are six possible arrangements
of three objects there are six elements in S(3).

theory with applications far outside the
theory of equations, now called the the-
ory of groups.

Galois submitted his first papers on
what was to become group theory
to the French Academy of Sciences on
May 25 and June 1, 1829, near the end
of his final year at Louis-le-Grand. Less
than two months later he was to take
the entrance examination to the Ecole
Polytechnique for the second time, but
meanwhile events in his life took an un-
fortunate turn. On July 2, a few weeks
before the examination, Evariste’s fa-
ther suffocated himself in his Paris
apartment. The Jesuit priest of Bourg-
la-Reine had forged Mayor Galois’s
name to a number of malicious epi-
grams directed at Galois’s own rela-
tives. The senior Galois could not bear
the scandal. The entrance examination
therefore took place under the worst-
possible circumstances. Furthermore,
Evariste apparently declined to follow
the examiner’s suggestions for exposi-
tion and was failed for a second and
final time. The two disasters crystallized
his hatred for the conservative hierar-
chy then ruling France.

Forced to consider the less prestigious
Ecole Normale (then called the Ecole
Préparatoire), Galois took the baccalau-
reate examinations required for entry in
November, 1829. This time he passed
on the basis of an exceptional score in
mathematics, and he was given universi-
ty status at about the time his first papers
on group theory were to be presented to
the Academy of Sciences. The papers,
however, did not receive a hearing.

When the papers were received by the
Academy, Augustin Louis Cauchy, then
the most eminent mathematician in
France and a staunch supporter of the
conservative restoration, was appointed
referee. Cauchy had already investigat-
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“MULTIPLICATION” of one element in S(3) by another element is carried out by determin-
ing the arrangement of objects that results from the operation of the first permutation and
then applying the second permutation to this arrangement. The single permutation that brings
about the same rearrangement is called the product of the two permutations. In general the
multiplication of groups is not commutative: the product of two elements depends on the se-
quence they are applied. Thus (12) * (123) is equal to (13) but (123) * (12) is equal to (23).

SECOND ELEMENT

(1) (123) (132) (12) (13) (23)

(1) (1) (123) (132) (12) (13) (23)

(123) (123) | (132) (1) (23) (12) (13)
E e
o (132) (132) (1) (123) (13) (23) (12)
= |
i !
(12) (12) (13) (23) (1) (123) (132)
(13) (13) (23) (12) (132) (M (123)
(23) (23) (12) (13) (123) (132) (1)

MULTIPLICATION TABLE for the six permutations of three objects provides a verification
that the permutations satisfy the properties of a group. For every pair of permutations a and b the
table shows that their product a * b is itself a permutation. There is an identity element, namely
the element (1), with the property that a * (1) is equal to a. For every element a there exists an
element called the inverse of a, or a-1, with the property that a *a—1 is equal to (1). The in-
verse of (123), for example, is (132). Finally, the associative law, which states that for any per-
mutations a, band c the producta * (b * ¢) is equal to (a * b) * ¢, can be checked in the table. The per-
mutations in color form a subset of the six permutations. Their multiplication table, also in col-
or, shows that they too form a group. Such a group within a group is called a proper subgroup.
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ed permutation theory, a forerunner of
group theory, and he later wrote exten-
sively on group theory itself. Although
legend has it that Cauchy lost, forgot or
discarded Galois’s manuscripts, it is far
more credible that Cauchy recognized
their importance and handled them with
care. Indeed, a letter discovered in 1971
by Taton in the archives of the Academy
makes it clear that on January 18, 1830,
Cauchy had planned to give Galois’s re-
sults a full hearing before the Acade-
my. Cauchy wrote: “I was supposed to
present today to the Academy...a re-
port on the work of the young Galois.

. Am indisposed at home. I regret
not being able to attend today’s session
and I should like you to schedule me
for the following session for the...in-
dicated subjects.”

The following week, however, when
Cauchy read a paper of his own to the
Academy, he did not present Galois’s
work. Why this happened remains a sub-
ject of speculation. Taton conjectures
that Cauchy urged Galois to expand his
work and submit it for the Academy’s
Grand Prize in mathematics. Although
Taton’s conjecture cannot yet be docu-
mented, Galois did submit an entry for
the prize in February, the month before
the deadline. The entry was sent to Jean
Baptiste Joseph Fourier, the mathemati-
cian who invented what is now called
Fourier analysis, in his capacity as Per-
petual Secretary to the Academy. Fou-
rier died in May, however, and Galois’s
manuscript could not be found among
Fourier’s effects. Galois later attributed
his bad luck to malicious intent on the
part of the Academy, accusing the prize
committee of rejecting his paper out-of-
hand because his name was Galois and
because he was still a student. The Ga-
lois legend passes on such accusations at
face value, but there can be little doubt
that Galois’s attitude toward authority
was becoming somewhat paranoid.

In spite of the setbacks Galois re-
mained a productive mathematician
and began to publish in Baron de Fé-
russac’s Bulletin des sciences mathé-
matiques, astronomiques, physiques et chi-
miques, a far less conspicuous forum
than the meetings of the Academy. His
articles make it clear that in 1830 he had
progressed beyond all others in the
search for the conditions that determine
the solvability of equations, although he
did not yet have the complete answer in
hand. By January, 1831, however, he
had reached a conclusion, which he sub-
mitted to the Academy in a new mem-
oir, written at the request of the mathe-
matician Siméon Denis Poisson. The pa-
per is the most important of Galois’s
works, and its existence more than a
year before the duel makes nonsense of
the story that all Galois’s work on the
theory of groups was written down in a
single night.

In order to understand Galois’s work



HELPING PRONATORS
GET BACK
ON THEIR FEET.

It's beginning to sound like the
only reason runners get hurt nowa-
days is because the %lave one
unspeakable fault. They pronate.

Depending on whom you talk
to, the wages of pronation include
everything from stress fractures
and Achilles tendinitis to crippling
knee injuries.

Not much fun. And not sur-
prising that a lot of people are out
there trying to put a stop to it.

But is pronation really such a
bad habit? What, in fact, is it?

L= -1
[
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Supinated Neutral Pronated

Computer digitized film data show that most runners'
feet first contact the ground in a supinated position
then roll through a neutral into a pronated position.

Well, unseen by the naked
eye, as ]Zour feet are running for-
ward, they are also rolling from one
side to the other. Landing first on
the outer edge, moving to the neu-
tral plane, then continuing inward
to what is called a pronated
position.

Frankly, they have good rea-
son to behave this way. If they
didn’t pronate, the shock of hitting
the ground would be consider-
ably worse.

So contrary to anything else
you may have heard, pronation is
not an unnatural act. Everybody
does it. Some more than others.

From our own survey and
those of others, itappears that about
12 percent of the population are
likely to suffer because they pro-
nate too much. About 8 percent,
because they pronate too little.

All very interesting. But if
high-speed cameras are required to
see what's really going on, how
can you tell if you even have a
problem? Much less what it is?

You can'’t for sure. But you
can get a good idea the next time
you take a shower. Make two sets
of footprints. One while standing,
one sitting. A certain change in
shape is normal, but too little
change means your feet are rigid.
Worry less about pronation and
more about adequate cushioning.
The kind you’ll find in our Colum-
bia, Aurora and Terra T/C.

If, on the other hand, the sec-
ond set is much fatter than the first,
your feet are flexible. And likely to
tind pronation irresistible.

f that's the case, there are
things to look for in a shoe. Like a-
stiff heel counter. Make sure it fits
snug, otherwise it won’t be effec-
tive. Normally, you're also better off
with a firm midsole. And good
arch support.

Those are just a few of the
K{roperties we designed into the

ike Centurion and Internationalist.

But when it came to the
Equator, we went even further.
Recognizing that the base of the
heel bone is like a small billiard ball
that loves to roll, we decided to
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approach the problem from the
ground up. Right under the

penco® sockliner we put a soft
orthotic to cradle the heel and bring
rock and roll under control.

After a few more innovative
touches, we wound up with a shoe
that proved effective in reducing
pronation an average of 22 percent.
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Tuwo different shoe models tested by nine runners.
After 54 trials, shoe A exhibits an average of 4.9°
less maximum pronation than shoe B.

If you need it, we've got it.

But make sure. Because as bad as
pronation can be, we suspect it's
getting a bum rap. Many of the
problems laid at its feet may
actually be the result of overtrain-
ing. Especially when the difficulty
doesn’t recur in the same part of
the body every time.

We're not the only ones with
an opinion, however. There are
several excellent works on the sub-
ject, including Harry F. Hlavac’s
The Foot Book.

So listen to the experts. Listen
to your doctor. But more important,
listen to your body. It has a vested
interest in your well being. And if
something isn’t working, your body
is sure to let you know.

But please. ”I

Don’t make it
Beaverton, Oregon

cry to be
heard.



it is unprofitable to study the origi-
nal papers. Poisson did his best to un-
derstand the 1831 manuscript, but he
finally recommended that the Acade-
my reject it, encouraging Galois to ex-
pand and clarify the exposition. Poisson
also criticized one of Galois’s proofs

as inadequate, although the statement
being proved could be shown to be
true through a result proved by La-
grange. According to Peter Neumann of
the University of Oxford, the criticism
is completely accurate. Galois’s argu-
ments are presented in a concise form

that makes them extremely difficult to
follow, and they are not free from error.
With the benefit of a century and a half
of clarification, however, it is now possi-
ble to set forth the essentials of the theo-
ry in an accessible form. To this end I
have had the assistance of the astro-

PERMUTATIONS IN S(3) can invariably be written as the product
of permutations that interchange only two objects. If a permutation
can be written as a product of an even number of such interchanges,
it is called an even permutation; otherwise it is an odd permutation.
If an even permutation (colored circles) is multiplied by an even per-
mutation (colored arrows), the product is an even permutation; if an
even permutation is multiplied by an odd permutation (black arrows),
the product is odd. Similarly, if an odd permutation (black circles) is
multiplied by an even permutation, the product is odd, whereas if an
odd permutation is multiplied by an odd permutation, the product is
even. The even permutations form a subgroup, namely the subgroup
printed in color in the bottom illustration on page 140. This subgroup
is called the alternating group, or 4(3). A subgroup such as 4(3) is
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(12) # (12}

called a normal subgroup of S(3) if for any element / in 4(3) and any
element g in S(3), the element g * & * g1 is also an element of 4(3). To
prove that 4(3) is a normal subgroup of S(3) suppose g is an even per-
mutation. Then g* h * g—1 is the product of three even permutations,
which is also an even permutation and so is a member of 4(3). If g is
an odd permutation, g * & * g—1is the product of an odd by an even by
an odd permutation, which is again an even permutation. Hence 4(3)
is a normal subgroup. By a similar argument it can be shown that for
any number n, A(n) is a normal subgroup of S(n). The number of ele-
ments in a subgroup must divide the number of elements in the parent
group without remainder. Because 4(n) has half as many elements
as S(n), A(n) includes the maximum number of elements that a prop-
er subgroup of S(n) can have. A(n) is the maximal normal subgroup.
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When curiosity flourishes,

worlds can be changed.
Why”? How”? What if? Young people question. Jaking
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EQUATIONS OF DEGREE 3:
ax®+bx2+cx+d=0

EQUATIONS OF DEGREE 5:
axS+bx4+cxd+dx2+ex+f=0

SOLUTION OF EQUATIONS was the problem for which Galois
developed group theory. A general method of solution would employ
only addition, subtraction, multiplication, division and the extraction
of roots, and it could be applied to any equation of degree n, where
n is the highest power to which a variable is raised. Galois proved
that no such method exists when 7 is equal to S or more. Every equa-
tion of degree n can be associated with the group S(n) or with some
subgroup of S(n); the group associated with an equation is now called
the Galois group of the equation. Galois showed that an equation
can be solved by the methods of arithmetic and root extraction only
if its Galois group is what he defined as a solvable group. A group is
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THERE EXIST a, b, c AND d SUCH THAT

THE GALOIS GROUP OF THE EQUATION
ax3+bx2+cx +d=01S S(3).

THE MAXIMAL NORMAL SUBGROUP OF S(3) IS A(3).
THE MAXIMAL NORMAL SUBGROUP OF A(3) IS I.
[S(3)/A(3)1 =3!/3=6/3=2.

[A(3) /] =31 = 3.

BECAUSE 2 AND 3 ARE PRIME, S(3) IS SOLVABLE.
BECAUSE ITS GALOIS GROUP IS SOLVABLE,

ax® + bx2 + cx +d =0 IS SOLVABLE ALSO.

THERE EXIST a, b, ¢, d, e AND f SUCH THAT

THE GALOIS GROUP OF THE EQUATION
axs+bx*+cxd+dx2+ex+f=01S S(5).

THE MAXIMAL NORMAL SUBGROUP OF S(5) IS A(5).

THE MAXIMAL NORMAL SUBGROUP OF A(5) IS I.

[S(5)/A(5)I = 5! /(5'/2) =120/60 = 2.

[A(5)/1] = (5'/2)/1 = 60/1 =60.

BECAUSE 60 IS NOT PRIME, S(5) IS NOT SOLVABLE.
BECAUSE ITS GALOIS GROUP IS NOT SOLVABLE,

ax5 + bx? + cx® + dx2 + ex + f =0 1S NOT SOLVABLE EITHER.

solvable if it generates a series of maximal normal subgroups whose
composition factors (determined from the number of elements in the
parent group and the subgroups) are prime numbers. The composition
factors generated by S(3) and its series of maximal normal subgroups
are all prime numbers. It follows that all third-degree equations are
solvable. When 7 is equal to 5 or more, however, it can be proved that
the maximal normal subgroup of A4(n) is the identity group 7, which
includes only the identity element. Since 4(n) is the maximal normal
subgroup of S(n), the composition factors of S(n) when n is equal to
5 or more are not all prime numbers. Hence there are equations of
degree S or greater that cannot be solved by the allowed methods.
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physicist Adrian C. Ottewill of Oxford.

What is a group? On its deepest lev-
el group theory concerns the symme-
tries inherent in any system. Imagine a
snowflake whose points or vertexes are
equally spaced at angles of 60 degrees.
If the snowflake is rotated about an
axis through its center by 60 degrees
or any integral multiple of 60 degrees,
its basic pattern remains unchanged,
even though any particular vertex may
change its position. An operation that
leaves a pattern invariant in this sense is
called a symmetry operation.

If two rotations by integral multiples
of 60 degrees are carried out in se-
quence, the snowflake remains invari-
ant, and the position assumed by the
vertexes is one that could have been
reached by a single operation. For ex-
ample, a 60-degree counterclockwise
rotation followed by a 240-degree
clockwise rotation is equivalent to a
180-degree clockwise rotation. In gener-
al, if R(n) denotes a rotation through
60n degrees, and if the result of per-
forming first one such operation and
then another is written R(n) * R(m), then
for all integers n and m the expression
R(n) * R(m) is equal to R(n + m). Math-
ematically the equivalence states that
the “product” of two symmetry opera-
tions is also a symmetry operation.

There are three other important prop-
erties of the rotations of a snowflake.
First, a rotation through zero degrees, or
R(0), always leaves the pattern invari-
ant, since it does nothing. The product
of any rotation R(n) and R(0) is R(n), so
that R(0) plays much the same role in
rotations as the number 1 plays in ordi-
nary multiplication. R(0) is therefore
called the identity rotation. Second, a
rotation R(n) followed by a rotation
in the opposite direction by the same
amount, which can be denoted R(—n),
returns the pattern to its starting point.
Thus the product R(n) * R(—n) is equiv-
alent to R(0). The rotation R(—n) is
called the inverse of the rotation R(n).
Third, the expression R(m) * R(n) * R(p)
is unambiguous, because [R(m) * R(n)]
* R(p) is equivalent to R(m)*[R(n)*
R(p)]. This is a formal property of the
operation *, by means of which two ro-
tations are combined, called the asso-
ciative property.

he four properties that hold for com-

binations of snowflake rotations are
characteristic of any set of symmetry op-
erations on any system; they are called
the group properties. The system need
not be a geometric pattern such as a
snowflake. For example, an equation is
also a system whose symmetries can be
described by the group properties. In ab-
stract terms a group consists of elements
or symmetry operations a, b, ¢ and so
forth, and a rule denoted by * for com-
bining any two elements. The elements
of the group and the rule * are assumed
to satisfy the closure criterion, which
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If you'd like to know some other unusual things about Lynchburg, drop us a line.

WHEN GOOD FRIENDS GET
TOGETHER in downtown Lynchburg,

you'll never see a glass of Jack Daniel’s.

¥

The county where we make our whiskey is
dry. (It voted that way in 1909.) So when
folks have a friendly chat, it’s usually over
ice cream or soda. Of course,
we hope the law isn’t

as binding in your home-

CHARCOAL
town. And that, at your MELLOWED
next friendly get-together, A
a glass of Jack Daniel’s DROP
will be somewhere in 0

BY DROP

the picture.
Tennessee Whiskey = 90 Proof « Distilled and Bottled by Jack Daniel Distillery

Lem Motlow, Prop., Inc., Route 1, Lynchburg (Pop. 361), Tennessee 37352
Placed in the National Register of Historic Places by the United States Government.

145

© 1982 SCIENTIFIC AMERICAN, INC



— e

There’s alot worth saving in this country.

Today more Americans who
value the best of yesterday are
working to extend the life of a
special legacy.

Saving and using old buildings,
warehouses, depots, ships, urban
waterfront areas, neighborhoods and
Main Streets is more than just a senti-
mental gesture. Economically it makes
good sense to restore and revitalize quality
structures. Preservation saves energy and
materials at a time when our resources are limited.

We can also appreciate the artistry and
design of these many old structures, which are as
much a part of our unique culture as the art and
music we have given the world.

The National Trust for Historic Preser-
vation—in cities, towns and neighborhoods—
helping to keep our architectural heritage alive
for us and for our children.

Help preserve what’s worth saving in
your community. Contact the National Trust,
P.O. Box 2800, Washington, D.C. 20013.
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states that for any elements a and b in
the group, a * b is also an element of the
group. The group must include an iden-
tity element 1, which is defined so that
for any element « in the group, a* 1 is
equal to a. Moreover, for every element
a there must be some inverse element
a-1 with the property that a*a-1 is
equal to 1. Finally, the elements of the
group and the operation are assumed to
satisfy the associative property, which
states that (@ * b) * cis equal toa * (b * ¢).

The theory of groups is one of the
most fruitful areas of mathematical re-
search; Bell is correct when he writes
that it will keep mathematicians busy
for hundreds of years. One of the most
important recent achievements in group
theory was a proof announced at a meet-
ing of the American Mathematical So-
ciety in January, 1981, by Daniel Gor-
enstein of Rutgers University. Goren-
stein showed that a list of 26 groups
called sporadic finite simple groups is a
complete list. In a sense this finding im-
plies that the components or building
blocks of any group with a finite num-
ber of elements have now been exhaus-
tively classified.

Alother set of non-numerical elements
that satisfies the properties of a
group is the group of permutations on a
fixed number of objects. The permuted
objects might be chess pieces, for exam-
ple, or letters of the alphabet. It is essen-
tial to recognize, however, that the ele-
ments of the group are neither the chess
piecesnor the letters but rather the func-
tions that generate the various permu-
tations. To find the “product” of two
elements a and b of the group (that is,
to find a * b) one finds the result of the
first permutation on the set of objects
and applies the second permutation to
this result.

Suppose three chess pieces are ar-
ranged so that a rook is on a square la-
beled 1, a knight is on a square labeled 2
and a bishop is on a square labeled 3.
One element of the permutation group
for these objects can be written (12); it
takes the object on square 1 and moves
it to square 2 and takes the object on
square 2 and moves it to square 1. The
effect of the element (12) on the arrange-
ment rook-knight-bishop is to exchange
the rook and the knight, generating the
arrangement knight-rook-bishop. If the
operation is then done again, it exchang-
es the pieces on the same squares, re-
creating the arrangement rook-knight-
bishop. Thus the group element (12) is
its own inverse.

Another group element, designated
(123), moves the object on square 1 to
square 2, the object on square 2 to
square 3 and the object on square 3
to square 1. Suppose the initial ar-
rangement rook-knight-bishop is again
transformed by the element (12), giv-
ing rise to the arrangement knight-rook-
bishop. Now the element (123) is ap-

plied and generates the arrangement
bishop-knight-rook. This final arrange-
ment could have been reached in one
step from the initial arrangement by ap-
plying the permutation (13), which in-
terchanges the object on square 1 with
the object on square 3. Thus the result of
the permutation (12) followed by (123)
generates the same arrangement of ob-
jects as the permutation (13) does. Sym-
bolically, then, (12) * (123) = (13).

he number of permutations or ar-

rangements of n objects is equal to n
factorial, written n!. The factorial of a
number 7 is the product of all the whole
numbers from 1 to n inclusive; 5!, for
example, isequalto 1 X2 X 3 X 4 X 5,
or 120. Hence the number of elements in
S(n), the permutation group for n ob-
jects, is n!. The number of elements in a
group is called the “order” of the group.
S(3), the permutation group for three
objects, includes the 3! (or six) permuta-
tions (1), (12), (13),(23), (123) and (132).
Here (1) is the identity permutation that
leaves any arrangement of objects un-
changed.

It turns out that certain subsets of the
set of elements in a group can by them-
selves satisfy all the properties of a
group, in which case they are said to
form a subgroup. If the number of ele-
ments in the subgroup is less than the
number of elements in the parent group,
the subgroup is called a proper sub-
group. For example, it is easy to verify
that [(1), (12)] is a group, and so it is a
proper subgroup of S(3).

For any proper subgroup H of a
group G a number called the composi-
tion factor can be defined: it is the or-
der of the parent group divided by the
order of the subgroup and is generally
written [G/ H]. The composition factor
of the subgroup [(1), (12)] with respect
to the group S(3) is 6/2 or 3. Accord-
ing to an elementary theorem of group
theory, which I shall not prove here, the
order of any subgroup must exactly
divide the order of its parent group, so
that the composition factor is invaria-
bly a whole number.

Galois introduced three critical con-
cepts whose interrelations enabled him
to prove that there is no general method
for solving an equation of the fifth de-
gree or higher when all solutions must
be found by radicals. First Galois noted
that every equation can be associated
with a group of permutations. Such a
group is a representation of the symme-
try properties of the equation; it is now
called the Galois group.

To appreciate the properties of the
Galois group, consider any third-degree
equation whose coefficients are rational
numbers. It can be proved that such an
equation has three roots, although the
proof does not reveal whether the roots
can be found by radicals. If the roots are
designated u, vand w, one can form poly-
nomial functions of them, such as u — v
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“INFAMOUS COQUETTE” whom Galois blames for his troubles
in a letter written the night before the duel was probably the same
woman whose name appears frequently in the margins of Galois’s
papers. In the manuscript reproduced above the name “Stéphanie”
can be read under the name “Evariste,” and Galois has also combined

or ww +w— 1. Any such function can
be converted into a related function by
permuting the roots #, v and w. For
example, the permutation (12) inter-
changes u and v and so converts the
function # — v into the function v — .
Many functions of the roots are changed
in value by such a permutation, but
some of them are not. For example,
the function u + v + w is not changed
in value by any permutation of », v and
w. Since the group S(3) includes all pos-
sible permutations of », v and w, u +
v + wis said to be invariant under S(3).
It is possible to show that the value of
u + v+ wis a rational number for any
third-degree equation with rational co-
efficients. Other polynomial functions
of the roots may be rational for some
equations and irrational for others, de-
pending on the coefficients of the equa-
tion. If the value of such a function is
rational, there exists some group of per-
mutations of u, v and w that do not
change the value of the function. The
Galois group of an equation is the larg-
est group of permutations that meet this
requirement for every rational-valued
polynomial function of the roots. In
other words, for any polynomial func-
tion of the roots that has a rational val-
ue, every permutation in the Galois
group leaves the value of the function
unchanged. When a permutation of the
roots does not change the value of any
rational-valued polynomial function of
the roots, the roots are indistinguishable
for that permutation. Hence the larger
the number of elements in the Galois
group is, the more permutations there
are for which the roots are indistinguish-
able. For this reason the Galois group is
a powerful way of representing the sym-
metry properties of an equation.
Calculating the Galois group for a
given equation is generally difficult, al-
though it can always be done in princi-
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ple without knowing the values of the
roots of the equation. For Galois’s pur-
poses, however, the calculation was not
necessary. All he needed to show was
that there are invariably equations of
degree n whose Galois group is the larg-
est-possible group of permutations of
the roots, namely S(n).

The second concept introduced by
Galois was the concept of a normal
subgroup. A subgroup H of a group G is
normal in G if and only if the following
condition is satisfied: When one “multi-
plies” any element % of the subgroup H
on the left by any element g of the parent
group G, and then “multiplies” the prod-
uct on the right by g-1 (the inverse ele-
ment of g), the result is an element of
the subgroup H. Symbolically, if H is
normal in G, there is an element 4’ in H
such that #' = g* h* g-1. For example,
one can verify that [(1), (123), (132)] is
a normal subgroup of S(3) [see illustra-
tion on page 142).

If a finite group G has any normal
subgroups at all, there must be one sub-
group whose order is the largest of all
the normal subgroups of G; it is called
the maximal normal subgroup of G
Similarly, a maximal normal subgroup
may in turnhave amaximalnormal sub-
group of its own, and the sequence of
maximal normal subgroups continues
until the smallest normal subgroup pos-
sible is reached. Any group G therefore
generates a sequence of maximal nor-
mal subgroups. If the sequence is la-
beled G, H, 1 J,..., then a series of maxi-
mal normal composition factors can be
defined: [G/H]), [H/ 1], [I/J] and so on.

The third important concept of Ga-
lois’s theory is the concept of a solvable
group. Galois calls a group solvable if
every one of the maximal normal com-
position factors generated by the group
is a prime number. The maximal normal
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the initials “S” and “E” into a single cursive diagram. From letters
and other manuscripts it is clear that Galois’s angry epithet is his
reaction to an unhappy love affair with a woman he had met only
a few months before the duel. She has been identified as Stépha-
nie-Félicie Poterin du Motel, the daughter of a Parisian physician.

subgroup of S(3), for instance, is [(1),
(123), (132)]. In turn the maximal nor-
mal subgroup of [(1), (123), (132)] is
[(1)]. The composition factor defined for
S'(3) and its subgroup [(1), (123), (132)]
is 6/3 or 2, and the composition factor
for the group [(1), (123), (132)] and its
subgroup [(1)]is 3/1 or 3. Since both 2
and 3 are prime numbers, S(3) is a solv-
able group.

The term solvable group is well justi-
fied by Galois’s theory: he was able to
show that an equation is solvable by
radicals if and only if the Galois group
of the equation is a solvable group. In
order to prove that equations of the fifth
degree or higher cannot in general be
solved by radicals, Galois had to show
that there are equations of this kind for
which the Galois group is not a solvable
one. As it happens the group S(n) isnot a
solvable group when 7 is equal to 5 or
more [see illustrations on pages 142
and 144]. Since for all such values of n
there are equations of degree n for which
S(n) is the Galois group, the general
equation of the fifth degree or higher is
not solvable.

y the time Galois’s work on group
theory was nearly completed, the
events of his life had become markedly
political. In July, 1830, the republican
opponents of the restored monarchy
took to the streets and the revolution
forced the Bourbon king Charles X into
exile. While the students of the left-wing
Ecole Polytechnique played an active
role in the fighting, Galois and his fel-
lows at the Ecole Préparatoire were
locked up in the school by its director.
Incensed, Galois tried to scale the walls;
he failed and thereby missed the brief
revolution.
Although the Bourbon abdication
seemed a great victory for the republi-
cans, it proved a short-lived one. Louis



Philippe was placed on the throne, to
the disappointment of Galois and like-
minded liberals. In the months follow-
ing the revolution Galois joined repub-
lican societies, met republican leaders
(notably Francois Vincent Raspail) and
probably took part in the riots and dem-
onstrations that were racking Paris. He
joined the Artillery of the National
Guard, a branch of the militia made up
almost entirely of republicans. In De-
cember his break with the Ecole Prépa-
ratoire became official. He wrote a let-
ter that called the director of the school
a traitor for his actions during the July
revolution; not surprisingly, Galois
was expelled.

The impression of Galois that one
gains from the events of this period is
not that of a victim of circumstances, as
legend would have it. Instead he appears
to have been a hothead whose extreme
actions consistently got him into trou-
ble. A letter by the mathematician So-
phie Germain implies that Galois regu-
larly attended sessions of the Academy
of Sciences and habitually insulted the
speakers. After his expulsion from the
Ecole Préparatoire he moved to his
mother’s house in Paris but proved to be
so difficult to live with that she fled.

The climactic event of the turbulent
spring of 1831 took place on May 9 dur-
ing a republican banquet celebrating the
acquittal of 19 artillery officers who had
been accused of plotting to overthrow
the government. According to the mem-
oirs of Alexandre Dumas (pére), Galois
stood to propose a toast. “To Louis Phi-
lippe!” he said, raising a glass and a dag-
ger at the same time. For this provoca-
tive act he was arrested the next day and
held for more than a month in the pris-
on at Sainte-Pélagie.

At the ensuing trial Galois’s defense
claimed that the toast had been “To
Louis Philippe, if he betrays” but that
“if he betrays” had been drowned out in
the uproar. Whether the jurors believed
the defense or were moved by Galois’s
youth (he was then 19) is not known, but
they acquitted him in minutes. Never-
theless, on Bastille Day, July 14, 1831,
less than a month after his acquittal, Ga-
lois was arrested again, this time for
illegally wearing the uniform of the Ar-
tillery Guard. The guard had been dis-
banded as a threat to the crown and Ga-
lois’s gesture was therefore an act of de-
fiance. This time he spent eight months
in Sainte-Pélagie.

The prison term was devastating: Ga-
lois was alternately despondent and rag-
ing. Raspail, who was serving a sentence
at the same time, later recalled that Ga-
lois once, while drunk, had to be re-
strained from an attempt at suicide. Lat-
er, according to Raspail, Galois confid-
ed a chilling vision of his demise: “I shall
die in a duel for the sake of some worth-
less girl [quelque coquette de bas étage].
Why? Because she will invite me to
avenge her honor, which another will

have compromised.” After a fellow pris-
oner was shot, it seems Galois accused
the prison superintendent of arranging
the shooting. Galois was subsequently
confined to the dungeon, perhaps as a
result of the accusation.

In all this turmoil, however, the worst
blow was the rejection of Galois’s 1831
paper. In the scathing preface to his
memoirs, which he wrote while he was
in prison, he stated: “I tell no one that I
owe anything of value in my work to his
advice or encouragement. I do not say
so because it would be a lie.”

he end of Galois’s life has always

had a particular fascination for the-
orists. Biographers have been unwilling
to accept at face value the implication of
his own words, namely that the duel was
aresult of a personal quarrel. Instead his
biographers have looked for prostitutes,
agents provocateurs and political oppo-
nents to account for his death. There is
no evidence to support any of these con-
jectures.

In the middle of March, 1832, Galois
was transferred from Sainte-Pélagie to
the nursing home Sieur Faultrier be-
cause of a cholera epidemic in Paris.
There he apparently met the “infamous
coquette.” The involvement was brief,
but it is absurd to suggest that the girl
was a prostitute or a conspirator who
helped to arrange his assassination. The
epithet “infamous coquette” has been
associated with the words “quelque co-
quette de bas étage” and so taken as con-
firming the prostitute story. According
to the account by Raspail, however, the
latter phrase was spoken by Galois a
year before the duel; it may even have
been Raspail’s own invention. More-
over, on May 25, six days before his
death, Galois alludes to a broken love
affair in a letter to his friend, Auguste
Chevalier: “How can I console myself
when in one month I have exhausted the
greatest source of happiness a man can
have, when I have exhausted it without
happiness, without hope, when I am cer-
tain it is drained for life?”

Who was the woman? Two fragmen-
tary letters were written to Galois in
the weeks before the duel, suggesting a
personal quarrel in which Galois was
more of a participant than he admitted.
The first letter begins: “Please let us
break up this affair. I do not have the
wit to follow a correspondence of this
nature but I will try to have enough to
converse with you as I did before any-
thing happened....” The second letter
is similar in tone, and both of them
bear the signature “Stéphanie D.” In the
Galois manuscripts Carlos Alberto In-
fantozzi of the University of the Repub-
lic in Uruguay has managed to read a
name that Galois had erased: Stéphanie
Dumotel. Further detective work by In-
fantozzi shows she was Stéphanie-Féli-
cie Poterin du Motel, the daughter of a
resident physician at the Sieur Faultrier.
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She later married a language professor.

It is also unlikely that the man who
killed Galois was in the pay of an anti-
republican plot, in spite of the assertion
of Galois’s brother Alfred that Evariste
was murdered. According to Dumas,
Galois’s adversary was Pescheux d’Her-
binville, not a political enemy but an
ardent republican. Indeed, d’Herbinville
was one of the 19 officers of the Artillery
Guard whose acquittal was the occasion
of Galois’s defiant toast to the king.
Moreover, when agents of the crown
were exposed during the revolution
of 1848, d’Herbinville was not among
them. A summary of an article recently
sent to me by Taton indicates that the
duel was between friends and unfolded
as a kind of Russian roulette in which
only one pistol was charged.

Galois’s mathematical writings the
night before the duel were actually con-
fined to making editorial corrections on
two manuscripts and to summarizing
the contents of these and one other pa-
per in along letter to Chevalier. The first
paper was the one rejected by Poisson;
the second was a fragmentary version
of an article that had already been pub-
lished in Férussac’s Bulletin. The third
has not been found and its content is
known only from the summary in the
letter; it apparently concerned integrals
of general algebraic functions.

What of the famous words “I do not
have the time” that Galois is supposed
to have writtenrepeatedly in frustration
at being unable to complete his work?
The phrase does appear, in the margin
of the first memoir, but only once. Ap-
pended to it in parentheses is the com-
ment “Author’s note.”

do not believe that the facts about the

life of Evariste Galois as I have pre-
sented them diminish his stature as a
mathematician in the slightest degree.
Many manuscript fragments indicate he
carried on his mathematical investiga-
tions not only while in prison but also up
to the time of his death. That he could
work productively through such turbu-
lent times is testimony to the extraordi-
nary fertility of his imagination. Quite
apart from the circumstances under
which the work was done, there is no
question that Galois developed one of
the most original ideas in the history
of mathematics.

His reputation is not served, however,
nor is the history of science, by a legend
that insists a scientific genius must be
above reproach in his personal life, or
that any contemporary who does not
appreciate his genius is either a fool,
an assassin or a prostitute. The notion
that genius is not tolerated by medioc-
rity is too old a platitude to be adopted
uncritically as accurate history. From
this point of view a genius would have
to be recognized as such even when
standing at a banquet table with a dag-
ger in his hand.
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“Floaters’’:

visual artifacts that result

from blood cells in front of the retina

by Jearl Walker

The “floaters” one sees while look-
ing at a featureless background
are classified as entoptic phenom-
ena, meaning that they arise within the
visual system. The floaters are interest-
ing to watch, and they reveal some inter-
esting things about the workings of the
visual system.

My experience, which is probably
similar to yours, is that when I stare at a
featureless background such as a blank
wall or a clear sky, my field of view is
spotted with small circles and larger
hairlike forms. I can never quite bring
them into focus. In fact, when I shift my
gaze in an effort to see one of them bet-
ter, the object flits away.

The small circles are easy to ignore.
The larger objects are more disturbing.
In the field of view of my righteye I see a
structure that resembles a stiff rope tied
into several large knots with loose ends.
This structure is so large that it often
interferes with my reading. I can even
see it against a complex background.
When the background is a page in a
book, the object is dark. Against a com-
puter screen, where the background is
dark and the symbols are light, the ob-
ject appears as a fuzzy white region. I
can also see it when I close the eye while
facing a source of strong illumination
such as a bright sky.

One of the best early discussions of
floaters is in Treatise on Physiological Op-
tics, by Hermann von Helmholtz. An in-
terpretation of the objects in terms of
modern physics was offered in these
pages 20 years ago by Harvey E. White
and Paul Levatin [see “‘Floaters’ in the
Eye,” by Harvey E. White and Paul
Levatin; SCIENTIFIC AMERICAN, June,
1962]. Much of what follows builds on
the ideas presented in that article.

Although floaters seem to lie on the
surface of the cornea, they are actually
near the retina. They float in the fluid
just in front of the fovea: the small area
of acutest vision where the visual recep-
tors are densest. The fovea (or its place
in one’s field of view) is sometimes
called the point of fixation.

Floaters originate with red blood cells
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that have leaked out of the retina. Once
the cells are released they swell into
spheres, losing their hemoglobin and
thus their red color. The spheres drift
through the liquid region in front of the
fovea individually or in strings. The in-
dividual cells are responsible for the
small-circle floaters; the strings give rise
to the hairlike structures. The object I
see in my right eye seems to be an unu-
sually long string of some 70 blood
cells that is wound around itself several
times. I could be wrong; several shorter
strings tangled together would give the
same appearance.

Each swollen cell is some eight mi-
crometers in diameter. A floater, how-
ever, is not the direct image of a blood
cell and usually is not even the simple
shadow of one. Most of the time it
is a diffraction pattern projected by the
blood cell onto the retina. The pattern
consists of bright and dark bands arising
from the constructive and destructive
interference of the light passing the cell
on its way to the photoreceptors of the
retina. When the cell is an isolated one,
the pattern consists of concentric bright
and dark rings. When several cells are
linked, the pattern is elongated.

The liquid layer in which the cells
float results from partial liquefaction of
the vitreous humor, the transparent ma-
terial filling most of the eye. Cells rela-
tively distant from the retina cast large
patterns that are probably too fuzzy to
be distinguished. Cells closer to the reti-
na create smaller, distincter patterns.
Many people find that the number of
floaters increases with age. Perhaps
more blood cells are released by an old-
er retina. Moreover, the liquid layer
near the retina often expands with age.

One of the peculiarities of a diffrac-
tion pattern from a small object is that
the center of the pattern can be bright. In
many optical phenomena light can be
modeled as either a wave or a ray. With
floaters the limits are stricter. If light
passed a cell as a collection of rays, the
cell would cast a dark shadow on the
retina. Since the cell is very small, how-
ever, the light behaves not as rays but as
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waves. They diffract around the edge of
the cell, sending light into what should
be the shadow region. At the retina the
light interferes, creating the bright and
dark bands constituting the pattern of a
floater. Once past the cell the light can
be regarded as being in ray form; at the
retina only the wave model serves.

The process is depicted in the illustra-
tion on page 156 for two shafts of light
passing a cell on opposite sides. The
shafts are shown both as rays and as
waves that are in phase, that is, in step
with one another. The light diffracts
around the cell and spreads into the
shadow region. The shafts arrive at the
retina after traveling equal distances to
the center of the shadow region. Since
they begin in phase and traverse equal
distances, they arrive in phase and there-
fore interfere constructively, making the
center of the shadow region bright.

Slightly off the center the shafts arrive
out of phase because they travel differ-
ent distances to reach the spot. When the
path difference amounts to half a wave-
length of light, the waves interfere de-
structively at the retina, leaving dark-
ness at that spot. Symmetry creates a
ring of darkness around the center of the
pattern.

Slightly farther from the center is a
bright band. Here shafts of light arrive
from opposite sides of the cell approxi-
mately in phase and so interfere con-
structively. Additional bright and dark
bands lie farther from the center. A
floater consists primarily of the central
bright spot and the first of the bands.

Y. P. Hwu of Wytheville Community
College in Virginia achieved a similar
diffraction pattern from blood cells by
putting diluted blood on a transparent
slide, covering it with a cover slide and
illuminating the preparation with laser
light. The laser beam was expanded by
the objective lens of a microscope (of
10-diameter magnifying power) posi-
tioned just in front of the slide. Diffrac-
tion patterns of the blood cells appeared
on a screen placed 50 centimeters from
the slide.

The floaters in my field of view seem
to drift when I tilt my head. The drift
can be deceiving because the perceptive
apparatus reinverts an image that is up-
side down at the retina. If a floater drifts
downward past the retina because of
gravity, the brain applies the same inter-
pretation, making the floater seem to
move upward.

I can make floaters move if I tilt my
head or suddenly glance down and then
up. The motion of the eye shifts the vit-
reous humor and the liquid layer near
the 