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This panoramic view 
of the central region 
of the Orion nebula 
was assembled from 
45 separate Hubble 
Space Telescope 
images by C. R. O'Dell 
of Rice University. 
The image covers a 
region of sky about 
five percent of the 
area of the full moon. 
The nebula, a churn. 
ing maelstrom of gas 
and dust, is lit up by 
ultraviolet light from 
the four hot young 
stars-collectively 
called the Trapezi· 
um-at the center 
of this image. The 
nebula contains some 
700 stars in various 
stages of formation. 
At least 150 of these 
stars are immersed 
in disks that we 
believe are nascent 
planetary systems. 
Those closest to the 
Trapezium are shed· 
ding material under 
the intense pressure 
of the starlight, 
forming outward· 
pointing tails. When 
the Keck interferome
ter is completed, it 
will be looking at 
systems like this in 
hopes of actually 
seeing planets. For 
more on what the 
Keck Telescope is 
up to, see the story 
on page 8. 
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On the covell': Ed 
Lewis has been cross
breeding mutated 
Drosophila since he 
was a teenager in the 
1930s. Here, after 
receiving the Nobel 
Prize for the insights 
gleaned from this 
work, he poses in his 
lab with the latest of 
countless fruit-fly 
generations. 
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It's not Santa Claus, 
but Ed Lewis, just 
returned (incognito) 
from Switzerland 
where a happy 
Caltech crowd was 
waiting to help him 
celebrate his Nobel 
Prize. The inset 
shows Lewis on the 
covel' of the Novem
ber 1957 EII<S. 

Edward B. Lewis 
Nobel Laureate 1995 

Edward B. Le".ris appeared on the cover of EDS 
once before-in November 1957, looking much 
younger, of course, but still surrounded by the 
jars of the fruit flies known to biologists as 
Drosophila mri:wngaster. In the cover article, a 
mere three pages long, entitled "Two \'lfings or 
Four?", Lewis described the discovery of a group 
of Drosophilrt genes called the bithorax complex 
and the construction of a strain of mutant flies 
with four vlings instead of the usual tv.'O. The 
1957 article concluded: "\Ve now have a work
ing model for picturing the genetic control of 
development. \Vhether it is the correct model or 
not remains to be seen. In pursuing that model., 
however, we should make progress in our under
standing of the living organism." 

Lewis's model was indeed correct. And the 
progress he made over the next decades "in our 
understanding of the living organism" won him 
the 1995 Nobel Prize in physiologr or medicine. 
Lewis shared the prize with Christiane Niisslein
Volhard of the Max Planck Institute in Tiibingen 
and Eric \Vieschaus of Princeton University who, 
according to the official release from the Nobel 
Committee, "were able to identif}r and classify a 
small number of genes that are of key importance 
in determining the body plan and the formation 
of body segments." Lewis was cited, in part, for 
discovering "how genes v.rere arranged in the 
same order on the chromosomes as the body 
segments they controlled." "Together," said the 
committee, "these three scientists have achieved 
a breakthrough that will help explain congenital 
malformations in man." 

Although other discoveries in the past dozen 

In a re;narkably 
consistent careel; 
Letuis has worked 
with Drosophila 
for 60 YM,fS, 

continlling ,1 

tradition that 
held been brollght 
to ealtech by 
Thomas HlIllt 

1\1m:gmz. 

years have shown the relevance of Lewis's research 
to medicine, he has worked only with flies. In a 
remarkably consistent career, Lewis has worked 
with Drosopbila for 60 years, continuing a tradi
tion that had been brought to Cal tech by Thomas 
Hunt Morgan. -Morgan was the first to use 
Drosophila for genetic srudies; he began working 
with this organism at Columbia University in 
1908. Soon this tiny fly, with its 10-day life 
cycle, became the most famous experimental 
animal in the world, and by breeding generation 
after generation of flies, Morgan and his students 
established that genes, located on the chromo
somes, are the units of heredity. In 1928, at the 
persuasive invitation of Caltech's Robert Milli
kan, Morgan moved to Pasadena with his stocks 
of flies and his whole research group-a group 
that included Calvin Bridges and Alfred Sturte
'lam, who in 1911 had made the discovery that 
genes are arranged on a chromosome in linear 
order like beads on a string .. Morgan, who won 
the Nobel Prize in 19?,3, recognized the contri
butions of Br.i.dges und Sturtevant by generously 
dividing the prize to support the education of 
their children. 

1f'vis remembers Morgan from the early 
forties as someone by then no longer very active 
in the laboratory, but Vi hose legacy had already 
imprinted itself on Caltech's biology division. 
"Morgan didn't like any speculation that 
smacked of mysticism," Lewis remembers. 
"instead, he and his students carried out simple, 
clean experiments designed to test specific 
hypocheses." Lewis has clearly followed in [he 
same "reductionist" tradition. 

Engineering & ScienceiNo. 1, 1996 3 



The l,tWS of 
genetics had never 
depended upon 
knowing what 
the gelleswere 
chemically c1l2d 

U'ottld hold true 
euw if they 'were 
made of grew 
cheese. 

-rhomas Hunt ,Vlorgan 
(below) founded 
jf)rosophila research, 
as well as Caitech's 
biology division, of 
which he was its 
chairman until i 946. 
(J:l'uit.fly Dottles 
looked preity Much 
the saine 80 years 
ago.) 
~ight: GeO!)rge Beadle, 
(on ihe leTt) who suc
ceeded Morgan as 
chairman, with Alfred 
Sturtevant, and Ed 
Lewis circa i 960. 

\\fhcn Morgan was collecting his Nobel Prize, 
Lewis, the son of a ,;vatchmaker in \\filkes-Barre, 
Pennsylvania, was ii freshman in high school. 
There happened to be a good public library in 
\\filkes-Barre, where Lewis discovered in its one 
scientific journal, S,tu!ce, an ad offering stocks of 
DI'()jOpbiL7 from Purdue University. In 1934 
Lewis and his friend Edward NoviIski (now 
professor of genetics, emeritus, aI the University 
of Oregon), ordered some and cultured them in 
their high-school blOlogy laboratory. Novitski 
carried on a correspondence with Professor Rifen
berg at Purdue, where he eventually went to 
college, and also with Calvin Bridges at Cal tech, 
who sent the young men free batches of flies. 

After a year at Bucknell University on a music 
scholarship (he srill plays the flute), Lewis trans
ferred to the University of Minnesota, where he 
encountered Professor Clarence P. Oliver, who, in 
the Morgan tradition, "gave me a desk in his lab 
and complete freedom to carry out Drosophila 
work. I was working in the lab whenever I 
could, although iI \VaSn'I for course credit. You 
wouldn't expect this to happen at a big universi
ty, but it did." Ir was here that Lewis began 
work on a rough-eyed mutation, first called 'star
recessive,' bur later renamed 'asteroid.' Novitski 
had found the mutation at Purdue and sent it to 
him. These mutations did not: quite behave like 
a series of murations of the same gene, as wbuld 
be expected. Lewis graduated ftom Minnesota in 
two years (1939) with a degree in biostatistics 
(because zoology would have taken another year). 
Then he was av,'arded a teaching fellowship at 
Caltech. Lewis chose as his adviser Alfred 
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Sturtevant, who, like Morgan, encouraged his 
students to go their own way. Lewis continued 
with his work on the rough-eyed flies: "It looked 
as though the gene might be either subdivisible, 
or, the way we really interpreted it, the gene was 
really a cluster of genes that acted like a single 
one." 

After earning his PhD in 1942, Lewis studied 
meteorology at Caltech, as an Army Air Force 
cadet, and oceanography in a crash course at 
UCLA. After a stint of forecasting weather at 
Hickam Field on Oahu, he was assigned to the 
Tenth Army and shipped out to Okinawa in 
April of 1945, where he lived aboard one of the 
command ships that had the necessary weather 
data, "such as it was." In 1946 he returned to 
Cal tech, where :Millikan had promised him there 
would be a job waiting. Little had changed at 
Caltech. "It was much the same as when I was a 
graduate student," said Lewis, "because the same 
faculty members were still here. I came back as 
an instructor. There was always freedom to do 
research and a lot of interaction with faculty, not 
only in biology." 

Lewis considered it a lucky time, a golden age. 
"I feel sorry in a way for young people who come 
in now. There's so much 1:0 learn and so much 
competition. The era of 'big science' was just 
getting off the ground then. Everything seemed 
exciting, all the problems. They also seemed 
beyond solution. That sounds contradictory
to be excited about something that's beyond 
solving. \\Te didn't know what the genes were, 
so we tried to deduce how they worked from 
purely genetic experiments. Genetics is an 



The genes of the 
bithorax complex 
regulate development 
of the fruit.fly's pos· 
terior half; these 
genes (abX/bx through 
iab·9) are lined up on 
the molecular map in 
the same order that 
they are turned on in 
the fly. They fall into 
three functional do· 
mains, color·coded 
here on the fly's body, 
each containing a 
highly conserved seg
ment of DNA called a 
homeobox. They're 
named Ubx or Ultra· 
bithorax (green); abd
A or abdominal.A 
(blue), and Abd·B or 
Abdom;nal·B (yellow). 

The four·winged fruit 
fly, born in the 19505, 
made the £&5 cover 
in 1981 and the Nobel 
Prize cake in 1995. 

/ 
abxl b x b1t dlpb1t lab · 2 

r'I ~ 
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abstract subject, which allows one co deduce 
many properties of the genes withom any 
knowledge of what the genes are made of. 
Actually, the dogma of the t ime was that they 
were proteins, but this didn't help, and in fact 
was completely wrong. " 

Drosophila genetics had many advantages then, 
and now, according to Lewis. "There was an 
immense background of information available as 
well as hundreds of mutants. All of the obvious 
things had been done by then, so you could go 
into greater depth of analysis than you could in 
any other organism. You could begin CO try to 

see how a gene is constructed, even though DNA 
hadn' t yet been determined to be the hered ita ry 
material. The laws of genetics had never depend
ed upon knowing what the genes were chemically 
and would hold true even if they were made of 
green cheese." 

Returning to his original pre-war hypothesis 
for the origin of new genes, Lewis now found a 
gene cluster that at first appeared to be a single 
gene but turned out to be a group of very closely 
linked genes. These genes determined the 
development of the posterior half of the Droso
phila fly-pare of the thorax and the enti re 
abdomen-and were indeed the very cl uster he 
had been looking for. He named it the bithorax 
complex. 

This is where the four-winged fly came in. 
Using x-rays to induce mutations in the bithorax 
complex, Lewis constructed a st rain of fruit flies 
with four wings, the second set of which actually 
resulted fro m a duplication of the thoracic seg
ment. Although the four-winged fly became the 

JJ~ 
la b ·3 la b· 4 isb·6 iab·T l/Jb·8 Isb·9 

~~ 
+100 +200 
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most visible symbol of the bithorax complex (it 
graced another E&S cover in 1981 and, created 
in frosting, the cake at Lewi s's campus Nobel 
celebration), it was really JUSt a "stunt," according 
to Lewis. "It wasn't connected to the theory," 
says Lewis. "It was just a byproduct of the theory 
that we were testing." 

The genes of the bi thorax complex are called 
homeotic genes, a word coined more than a 
hundred years ago co mean a type of variat ion in 
which "something has been changed into the 
likeness of something else." Calvin Bridges 
found the first homeotic gene in 1915, and 
hypothesized that gene dupl ications occur 
naturally and in tandem. Lewis carried the idea 
further to theorize that the origi nal gene main
tains its old function , while the copied gene takes 
on a new role. Lewis speculated rhat all these 
genes were descended from an ancient homeotic 
gene as the result of a series of duplications and 
diversifications by mutations. This theory pro
vides an elegant and simple mechanism to 

explain how simple forms of life evolve into more 
complex ones. It also yielded a dividend: with 
the bithorax complex, Lewis had found a cri tical 
group of functionally related developmental 
genes-genes that control how an organism 
develops from egg to adult. H e has stuck with 
this system ever si nce, tryi ng to learn everything 
that these genes can reveal about this process. 

Over the next few decades Lewis experimented 
on the bi thorax complex, painstakingly knocking 
out genes with x-rays, cross-breed ing mutated 
fl ies for hundreds upon hundreds of generat ions 
to discover which body parts were controlled by 
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Homeotic gene 
expression is highly 
correlated among 
species, as can be 
seen here in the fruit~ 
fly embryo (top) and 
mouse embryo (bot~ 

tom). The fly and 
mouse genes are 
arranged in clusters: 
the mouse has four, 
only one of which is 
shown, while two 
clusters control the 
development of the 
fly-the Antennapedia 
complex (red through 
purple) determines 
the fly's anterior end 
and the bithorax 
complex (green 
through yellow), the 
posterior end. The 
homeobox sequences 
of the two species are 
very similar. 

Winning the Nobel 
Prize can't keep Lewis 
from the really impor. 
tant things, like the 
graduate students' 
Halloween party at 
Prufrock House. This 
is indeed Lewis in the 
leopard skin peering 
out of the barbell; 
he's dressed as a 
Rene Magritte paint~ 
ing called Perpetual 
Motion. 

Drosophila 

/ \ \ \ 
lab pb Old Scr Antp 
-r=" -- - i~/ -

Mouse 
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which genes. Lewis's exhaustive analysis of 
mutations in the bithorax complex spelled Ollt 
how normal embryon ic development can go 
awry. And he found some extraordi nary things. 
"We discovered that during early developmem, 
dle genes comrol how the body segmems develop 
in a hierarch ical man ner. The closer a body seg
ment is [Q rhe posterior of the organism, rhe more 
genes of the complex are turned on, always in an 
order that apparemly coincides with the order of 
the genes in rhe ch romosome. This law seems to 
hold as well for the homeoric complexes in verre
brates, inel Lid i ng h lIman beings ." I n Drosophila, 
the fact that more and more genes are turned on 
toward the fly 's posterior end means that the 
abdomen is the most highly developed part of the 
fl y. Lewis calls this the "abdomen ization" of the 
organism, a phenomenon, he likes to tell in 
public lectures, that is probably familiar to older 
members of the audience. (Lewis, 77 , stays trim 
with daily swi ms in the Cal tech pool. ) 

I n the 1980s other researchers isolated a 
similar cluster, which they named Anrennapedia, 
that performs the same function for the anterior 
part of the fly. (lts name comes from a mutation 
that causes legs instead of antennae to sprout 
from the fly's head.) Together, these two gene 
complexes, which represent less than one percent 
of the fly's total complement of genes, playa 
regulatory role far out of proportion to their 
numbers. They are the architects of the body 
plan, which tell all the pares how and where to 
form. Then, Walter Gehring and his colleagues 
at the University of Basel (Switzerland) and :tvfarr 
Scott and A. J. Weiner, while in T horn Kauf
man·s lab at Ind iana Univers ity, independenrly 
isolated a shott seq uence of DNA-{JOly 180 base 
pairs long-from both the bi(hora'{ and Anrenna
ped ia complexes. Named the homeobox by 
Gehring, this DNA fragment was used to 

identify similar complexes in other organisms, 
including human beings. 

The ubiquitous homeobox is so highly con
served among so many animals, commencing 
wi th the most primitive worms, that it is now a 
powerful marker for (racing evolutionary lineages 
throughout the animal kingdom. Its discovery 
also substantiates the theory tbat the homeotic 
gene cl usters arose by a process of tandem 
dupl ication, lend ing int rigui ng credence to 

Lewis's original theory that all the homeotic 
genes wefe descended from one anciem gene. 
Such an ances tral gene would have left its trace 
as a si ngle conserved fragment of ON A-l ike 
the homeobox. 

Although he never abandoned DrOJophiia 
during all the intervening decades, Lewis did 



Sans beard, Lewis 
enjoys his homecom· 
ing party with col. 
leagues (from left) 
Nonnan Horowitz and 
Herschel Mitchell, 
both emeritus profes· 
sors of biology, and 
with Annamarie 
Mitchell. 
At far right, Lewis 
arrives at the festivi. 
ties with his wife, 
Pamela. 

make a deviation (0 put his knowledge to service 
in some of the controversial public health issues 
of the fifties. From using x·tays to create specific 
genetic mutations, it was only a small jump to 

the suggestion that x-rays could also cause mu
tations in body cells that could lead to cancer. 
This hypothesis had firsr been advanced in 1928, 
aga in using Drosophila, by H. J. Mulier, another 
student of Morgan's. (He later won the Nobel 
Prize for demonstrating that x-rays can induce 
mutations.) 

In 1957, in a paper in Science, Lewis showed 
that there is a linear relation between the amount 
of expOSLUe to radiation and the incidence of 
human leukemia down to doses as low as 50 rads. 
He was called to testify before the Joint Congres
sional Committee on Atomic Energy to present 
his findings. Although the idea that cancer is 
caused by mutations is accepted now, it was very 
controversial at the time, says Lewis. Physicians 
weren't trained in genetics, and geneticists were 
reluctant to consider the effects of mutations on 
body cells. As a result of his landmark paper, he 
was appointed to the National Committee on 
Rad iation, an advisory committee to the U.S. 
Public Health Service; later he served on commit
tees of the National Academy of Sciences on 
biological effects of ion izing radiation, and on the 
National Council of Radiation Pcotecrion. In the 
late fifties Lewis also helped stop an experiment 
to inject radioactive tritiated water into the Los 
Angeles basin's groundwater to track its route. 

Meanwhile, Lewis had been promoted to full 
professor in 1956. [n 1966 he was named the 
Thomas H unt Morgan Professor of Biology, 

when Sturtevant, who first held the chair, retired . 
"It had something to do with maintaini ng the 
Droxophila rradition," says Lewis, "and 1 was the 
only full-t ime facul ty member doing Drosophila." 
1n an article, "Remembering Sturtevant" pub
lished this month in Genetics, Lewis descr ibes 
Sturtevant's fascination with pedigrees, perhaps 
not un usual for a geneticist, which had inspired 
Sturtevant to compile an intellectual pedigree of 
his own. "Sturtevant, of course, was a direct 
descendant ofT. H. Morgan and of E. B. Wilson, 
another eminent biologist who was a contempo
rary and friend of Morgan's ar Columbia. Mor
gan and Wilson were, in turn, direct descendants 
of Martin and Brooks, two men who were at 
Johns Hopkins U niversity where Morgan had 
obtained his doctorate; Martin was descended 
from T. H . Huxley and Brooks from Louis 
Agassiz; and so it went." 

Lewis himself is shown in these pedigrees as a 
direct descendant of Sturtevant and Muller. At 
Lewis's homecoming celebration (he was en route 
to a conference on homeotic genes in Switzerland 
when the Nobel Prize was announced), almost 
every speaker evoked the continuing Drosophila 
tradi t ion at Caltech and the contributions of 
Morgan, Bridges, and Sturtevant in found ing 
modern genetics. Lewis himself paid tribute to 

their "enormous insight and intuition." But it 
was Lewis's own insight and intuition to which 
this Nobel Prize pays tribute, as well as to his 
single-minded and almost single-handed dedica
tion to a line of basic research in classical genetics 
that continues to yield remarkable insights in an 
age of 'big science.' - JD 
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This may be the 
deepest visible-light 
image ever obtained
a portion of a field 
from a visible-light 
deep-galaxy survey 
being undertaken at 
the Keck Telescope 
by Caltech astrono
mers. Virtually every 
dot you see here is a 
galaxy. The complete 
image, which covers 
an area of sky about 
one-fifteenth that of 
the full moon, con· 
tains about 6,000 
galaxies. 

Science with the Kec:k Telescope 

by S. George IDjorgovski 

Wonderful things are happening in astronomy 
today, and the Keck Telescope is right in the 
thick of them. \Xlith its 10-meter-diameter pri
mary mirror, it is the largest optical telescope in 
the world. The Keck is a joint venture between 
the University of California, Caltech, and the 
University of Hawaii, and is located in an 
astronomical preserve on the summit of Mauna 
Kea, Hawaii. A second Keck Telescope is now 
under construction there, thanks to the continued 
generosity of the \V. M. Keck Foundation. 

Before I describe what we're doing with lhe 
Keck, let's begin with a quick summary of the 
universe as we know it. Our star the sun, the 
earth, eight other major planets, and lots of 
moons, comets, and assorted other things form 
our solar system. The sun and about a hundred 
billion other stars, along with some gas and so 
on, form our galaxy-the Milky \Vay. Gala.'Cies 
like to come in groups and clusters-for example, 
Andromeda, also known as M31; the Milkv Way 
and its satellite galaxies, which include the 
Magellanic Clouds; and other galaxies form 
what's called the Local Group. Groups and 
clusters tend to agglomerate into superclusters, 
which are the largest structures we know. The 
center of the Local Supercluster, of which we are 
a member, is about 50 million light-years away 
in the Virgo Cluster. (A light-year is the distance 
that light travels in a year, about 5.88 trillion 
miles.) The light now reaching us trom the out
skirts of the Local Supercluster started on its way 
more than 70 million years ago, when dinosaurs 
were still walking the earth. 

Let me try to illustrate these distances. 

By counting 
galaxies accord
ing to their color 
and apparent 
brightness in these 
deep, deep reaches 
of the universe, 
we can actlfally 
test models of 
cosmology. 

Imagine that you shrank the earth down to a 
small grain of sand, about one one-hundredth 
of an inch in diameter. Then the sun would be 
an Inch across ;.cnd five feet away, and the ,;olar 
system would be about a fifth of a mile across. 
The nearest "lar ",/Ould be 3.boU( 260 miles awav, 
almost all the '.Y3.y ro San Francisco, 3.nd our gal
axy would be six million miles across. The next 
nearest galaxy would be 40 mIllion miles awav 
At lhls POInt, you beglll to lose scale, even with 
this model-the nearest cluster would be tuur 
billion miles ..tway. and the size of the observable 
universe would be a mUron miles. If you were 
to nde a taXi .l.cross it J.t five dollars per mile, vou 
could payoff the national debt. 

Observational ~osmology-the study of the 
universe de IJ.rge-began in the 1910s, when 
Edwin Hubble. the Pasadena astronomer tor 
whom the Space Telescope is named, discovered 
that he I.auld see lUdividual st3.CS pulsating in the 
Andromeda Nebula, as it was (hen called. Such 
stars, L:tlled Cepheid variables. had been studied 
in the Mi.lkv \XI dy. and their pulsanon rate was 
known LO depend upon their brightness. Hubble 
figured \Jut I rom the apparent brightness of those 
within Andromeda that they were very, very 
dist:am; thev ~.'ere so faint that, if Andromeda 
contained chern, it must be a gala.xy just like our 
own. Unnl (hen, it hadn't been clear what these 
nebulae were. Were they clouds of gas in the 
Milky \Ylay) "{[as the Milky \Vay the entire 
universe? Hubble's discovery made the universe 
much, much larger than people had supposed. 

This was a big discovery all right, but it pales 
beside his next one. Several astronomers, espe-
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lSelo'~'V: Edwin Hubble 
at the Mouni Wilson 
ObsE,rvaiory's 100· 
inch ielescope. 
Right: As the universe 
expalnds, the galaxies 
withiin it move away 
from us. The universe 
is expanding every· 
whel'e at once, so 
mOrE! distant galaxies 
appe!ar to be moving 
awal' faster than near· 
by 011es because 
iherE,'s more of the 
expa,nding universe 
beillllreen us and ihe 
farther galaxies. Thus 
measuring the appar· 
ent ~relocii:y of a gal. 
axy !~ives its relative 
disialnce. (These dis
tanc,es must be cali
brated against things 
whose distances we 
know', but that's 
another story.) 

At some tim" t,: 

~
alaXYl 

Earth 
Galaxy 2 

At some later time t.: 

Earth 

Galaxy 2 

cially Vesto Melvin Slipher, had found that those 
nebulae were moving away from us at different 
speeds. Hubble and his colleague Milton Huma
son, using the 100-inch telescope at the Mount 
Wilson Observatory, discovered that the farther 
away a galaxy seemed to be, the faster it was 
receding. Hubble's interpretation of that obser
vational fact was that the universe as a whole was 
expanding and carrying the galaxies with it, as 
shown in the diagram above. If you look at two 
galaxies, and then look again later, each galaxy's 
apparent velocity will be its change in distance 
divided by the time between looks. Galaxy 
number two--the more distant one-will have 
moved farther away, relatively speaking, than 
galaxy one, and so will appear to be moving away 
faster. You can simulate the expanding universe 
with the surface of a balloon. As the balloon 
inflates, every point on its surface gets farther 
away from every other point, and the farther 
away they are, the faster they move apart. You 
can continue this until infinity, or, in the case 
of the simulation, until the so-called "little bang" 
comes into play. 

One can hardly make a bigger discovery. 
Some years earlier, Albert Einstein had developed 
his general theory of relativity, and he had had to 
introduce a fudge factor in it-the so-called 
cosmological constant-in order to prevent the 
universe from expanding. (At that time, every
one assumed it was static.) When Einstein visit
ed Pasadena in the 1930s, Hubble took him to 
Mount \Vilson and showed him the fleeing 
galaxies. Einstein was vety impressed. He later 
said that the cosmological constant was the big-



Astronomers 
measure the rela
tive intensity of 
light with a 
perverse system 
called magnitude, 
and the reason we 
do this is twofold: 
one is to keep 
physicists out of 
the fold, and the 
other is to torture 
astronomy stu
dents with home
work problems. 

Right: This fan·shal~ed 
slice of the universe-
80 degrees wide blr 
1.5 degrees thick-· 
contains 3,754 galax
ies, and is part of a 
mapping project by 
Stephen Shectman 
and Stephen Landy at 
the Carnegie Observa· 
tories. (We're whelre 
the fan's hinge wotlld 
be.) The entire malP 
to date contains sb{ 
slices and some 
26,000 galaxies. This 
plot assumes that lthe 
Hubble constant (a 
measure of how fa!.t 
the universe is 
expanding) is 50, 
making the farthest 
galaxies in the sunfey 
2.6 billion light-years 
away. 

gest blunder of his life. Einstein was a pretty 
good theoretical physicist, but he failed to make 
the greatest prediction of his career-that the 
universe is expanding. 

The discovery that the distance to a galaxy 
is proportional to its apparent velocity is now 
known as Hubble's law, and it is fundamental 
to cosmology. We need to measure the distances 
to galaxies in order to figure out many of their 
important quantities, such as luminosity, age, 
diameter, and mass. But distances are very hard 
to measure. On the other hand, velocities are 
relatively easy to measure from the so-called 
Doppler shift, or redshift. As a source of light 
moves away from us, the light actually stretches, 
and its wavelength gets longer. Thus its color 
shifts toward the red-which has longer wave·· 
lengths-and, the faster the source is moving, 
the larger the shift. Starlight can be broken 
down into patterns of spectroscopic lines-specif
ic wavelengths that are absorbed or emitted by 
various chemical elements. People have measured 
these emission and absorption lines in labs here 
on earth, so we know exactly at what wavelengths 
the lines occur. Thus, when the light from a 
distant gala..xy displays a known spectral pattern 
but at a set of wavelengths different from whar 
we have observed in the lab, we can measure hov.r 

much the light has been shifted. This gives us a 
proxy for how far away the source is, so thaI, by 
measuring the velocities of galaxies one by one, 
we can SIart to map the universe. Amazing 
structures are revealed-filaments composed of 
many thousands of galaxies enclosing voids a 
couple of hundred million light-years across. 
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About 100 billion galaxies are estimated to exist 
in .. he universe, and that's just a lower limit 
extrapolated from v!hat we can see. 

There is :mother thing I have to introduce, 
and that's the so-<.-alled magmtude scale. Astron
omers measure the relative intensity of light with 
a perverse system called magnitude, and lhe rea
son we do this is twofold: one is to keep physi
ciSIS out of the field, and the other is to torture 
astronomy students with homework problems. 
The magnitude scale was introduced by ancient 
Greeks, who said that the brightest stars are first 
magnitude, and the faintest ones you can see with 
the naked eye are sixth magnitude. The system 
was quantified in the 19th cenrury. and now each 
magnitude is the fifth root of 100-aboUI two 
and a half times--dimmer than the preceding 
one. Tbe faintest objects we can detect with 
Palomar's 200-inch telescope are about 25th 
magnitude. (That's equivalent to a 25-watt 
light bulb -the kind you find in your oven
seen from a million kilometers av!ay.) The Keck 
Telescope can see objects 20 to 50 times fainter. 
You need to collect lots of light in order to detect 
things so very faint, and that's why we need big 
telescopes. George Ellery Hale, the founding 
father ofMoum \Ylilson, Palomar, and Caltech 
always wanted more and more light. Hale would 
be proud of the Keck Telescope. 

The Keck is a revolutionary design. Instead of 
making one huge mirror, which is no end of pain, 
Jerry Nelson (BS '65), now a professor at DC 
Santa Cruz, decided to make 36 smaller pieces of 
mirror-a much easier job-then cut them imo 
hex:lgons and combine them to make the surface 
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Above: The Keck 
Telescope. Incoming 
starlight (1) bounces 
off the primary mirror 
toward the secondary 
mirror (2), and thence 
to the tertiary mirror 
(3). The light can 
then go to large 
instruments on the 
Nasmyth deck (4), 
or to smaller instru
ments behind the 
primary mirror at the 
Cassegrain focus (5). 

Right: An individual 
mirror segment before 
becoming a mirror. 
Note the complex 
support structure, 
which helps it main
tain its shape in the 
telescope. 

of a single mirror. Each segment is six feet in 
diagonal diameter, so a taller person could just 
sprawl across one. (We do not allow that co 
happen.) Each segment is precisely polished and 
bent into exactly the right shape, and sensors at 
the edges of the segments maintain their relative 
positions regardless of how the telescope ti lts. 
The mirror is so smooth that if it were the diame
ter of the earth, its nonuniformities would be less 
than three feet in height, and the segments would 
be aligned to within twO or three inches. (For a 
full description of the making and the workings 
of the Keck Telescope, see E&S, Winter '92.) 

With a big telescope, everything else gets big, 
too. The light beams are wide due to the mirror's 
diameter, so the instruments are large. One, 
called the HIRES (for high-resolution) spectro
graph, is the size of a two-car garage. It 's so big 
that we can't hang it from the back of the tele
scope, like you would a camera. It has to sit on 
a special platform, called the Nasmyth deck, that 
we shunt the light to. And big th.ings cost big 
money. Even observing time is expensive. The 
cost of building and operating rhe telescope pro
rated over its lifetime comes out to roughly a 
dollar per second every night, whether it's cloudy 
or not. J once suggested that we install a little 
meter in the control room, rigged so that if some
thing went wrong the meter would start running, 
and we could see how much money we're 
wasting. That's probably nor such a good 
idea, but in any case it's very expensive science. 

So what are we doing with the biggest tele
scope on earth? As you know, the fragmented 
comet Shoemaker-Levy 9 struck Jupiter as a spec-
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racular firework in]uly 1994. (See E&S, Fall 
'93.) A collaboration led by Imke de Parer and 
James Graham, both ofUe Berkeley, was stand
ing by with Caltech's Near-Infrared Camera. 
And wouldn 't YOLI know it- it was cloudy and, 
as the predicted moment of the first impact 
approached, all present were tearing their hair 
Ollt. Bur at the very last instanr, the clouds part
ed, and wonderful data came in. On the opposite 
page is a picture of the glowing impact sites. 
The kinetic energy from JUSt one of the larger 
fragments was equivalent to thousands of global 
thermonuclear wars in a single go. If one were 
to hit planet earth, it could ruin your whole day. 
From this event, astronomers have learned a great 
deal about the chemistry of Jupiter's atmosphere 
and the physics oflarge impacts. Since it's per
fectly possible that something big will hit us at 
some point, this is obviously an important thing 
to study. 

Now let's leap all the way out to the edge of 
the universe and try to see the faintest objects 
we can possibly see. That may sOllnd trite, but 
it's actually very good science. We turn the tele
scope on some relatively blank patches of sky and 
look for a long time to collect as much light as 
we possibly can, and then we classify and count 
the objects we see. Such surveys have been done 
with other telescopes at visible wavelengths, but 
the infrared isn't so well explored. Besides, the 
bulk of emitted energy from the most distant 
galaxies has been redshifted to the infrared by 
the time it gets to us, and the Keck is the world's 
best telescope for infrared astronomy, so it was 
an obvious thi ng to do. We've looked in several 



Below: Seven pictures 
of a battered Jupiter, 
taken at different 
wavelengths of infra· 
red light. The five 
glowing spots in a line 
in the southern hemi· 
sphere are the heat 
plumes generated by 
the impacts of (from 
left) comet fragments 
H, Q1, H, D and G 
(which hit one Jupiter 
day apart in the same 
spot), and L. 

Right: Long, long ago 
in an infrared galaxy 
far, far away ... 
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widely separated directions, to try to choose ran
dom, representative samples of the universe. 
One such sample is the photo at left, which 
is probably the deepest infrared image of the 
sky ever obtained. It's a very tiny portion of 
sky-less than an arc minute in angular diame
ter. There may be a couple of stars in it, but 
most of the objects you see are very distant 
galaxies. We don't know how far away they are 
yet, but we're certainly going to try to find out. 

This survey is the work of a number of Cal tech 
people: Roger Blandford, rhe Tolman Professor of 
Theoretical Astrophysics; Professor of Astronomy 
Judirh Cohen (MS '69, PhD '71); Gerry Neuge
bauer (PhD '60), rhe Hughes Professor and 
professor of physics; Professor of Physics Tom 
Soifer (BS '68); me; Member of rhe Professional 
Sraff Keirh Marrhews (BS '62); and grad studenrs 
David Hogg, James Larkin , and Mike Pahre. 
(These folks also provided mosr of rhe picrures I'll 
show you.) It has probed the very faintest limits 
ever reached . Its dimmest inftared observations, 
translated into visible light, would be about 28th 
or 29th magnitude-much fainter than that 25-
watt light bulb a million kilometers away. 

By connting galaxies according to their color 
and apparent brightness in these deep, deep 
reaches of the universe, we can actually test mod
els of cosmology. Such counts can help answer 
twO important questions: First, will the universe 
expand forever, or will it ultimately recollapse? 
A universe dense enough to recollapse will 
expand more slowly, due to its greater gravity; 
thus, it will occupy a smaller volume, and con
tain fewer galaxies to be counted. Second, how 
do galaxies evolve' Looking billions of lighr
yeats away is equivalent to looking billions of 
years back into the past-we see the galaxies as 
they were when they emitted that light billions 
of years ago. Galaxies were generally brighter 
in the past, because they were then in an intense 
period of star formation and so were full of hot, 
young stars; the more star formation was going 
on, the brighter they were. Brighter objects can 
be seen at larger distances, so we can see more of 
them. Thus, the earlier galaxies evolved in the 
history of the universe, the more of them we 
should sec at great distances. On the other hand , 
galaxies can collide and merge, so their numbers 
can decrease over intermediate timescales. 

Detailed modeling of tbe galaxy counts we 
observe can be used to disentangle these effects. 
As we look in a given wavelength at ever more 
distant galaxies, we see light that was originally 
emitted from them at ever shorter wavelengths, 
due to the cosmological redshift. The effects of 
star formation are more prominent at the shorter 
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Above: This swatch of 
Madras plaid is actu
ally a false-color LRIS 
multi-slit spectrum. 
Each horizontal band 
is a section of the 
spectrum from a 
different piece of 
the sky. The vertical 
stripes are the back· 
ground spectrum from 
the night sky, and the 
thin horizontal streaks 
in the top t hree bands 
and in the second and 
third bands from the 
bottom are the spec
tra of faint , distant 
galaxies. The little 
beads on each streak 
are the galaxy's indi
vidual emission lines, 
which can be used to 
measure the galaxy's 
redshift. 

Right: 4C41.17 is the 
distorted horizontal 
blob in the center of 
the photo. 

! 

(bluer) wavelengths, since luminous, massive 
young stars are blue. Thus, counting galaxies 
seen in visible light is a process very much influ
enced by their star-formation histories, perhaps 
confusingly so--it may be hard to distinguish 
star-forming dwarf galaxies thar are relatively 
nearby from quiescent giants far away. An added 
complication is that the bluer wavelengths are 
more sensitive co absorption by interstellar dust. 

Counting galaxies in the near-infrared largely 
bypasses these problems, but the only way to 
really be sure of what you're seeing is to take 
spectra. The spectral fingerprints of various class
es of galaxies are quite distinctive, and, of course, 
their redshifts tell you their distances. However, 
you have to collect a lot more light to get a spec
trum than you need to take a picture. And since 
the whole point of the survey is to look at as 
much of the sky as quickly as possible, we're 
using the Keck to take pictures, from which 
we seleer specific galaxies for fo llow-up spectral 
studies. We do the spectrographic work using 
the Low-Resolution Imaging Spectrograph 
(LRJS), an instrument that Cohen and Professor 
of Astronomy, Emeritus,]. Beverley Oke built 
at Caltech for tbe Keek. 

It is, however, still useful to do deep galaxy 
surveys in visible light, as it complements the 
information that's obtained in the infrared . Such 
a survey is being done by Professor of Astro'nomy 
Shrinivas Kulkarni and Cohen, along with grad 
students Hogg and Lin Yan, and then-postdoc 
Ian Smail, now in England . The phoro at the 
beginning of this article is a segment of one of 
their survey pictures, which they obtained by 
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using the LRIS in its imaging mode. (With 
the LRIS, one gets either pictures or spectra, 
so, again, specific galaxies are selected from 
the images for later spectral analysis.) These 
are probably the deepest visible-ligbt images 
ever obtained, and, again, virtually everyone of 
the little blobs of light is a galaxy that's probably 
billions of light-years away. 

J ust counting galaxies is interesting, but 
we really want to know how f:'lr away rhey are. 
We've now started a project to measure their red
shifts, using the LRIS in a m ul t islit mode where, 
instead of measu ring distances to galaxies one by 
one, we put a mask in the instrument that seleers 
20 or 30 faint galaxies at once. A team of ast ton
omers at UC Santa Cruz plans to build an instru
ment dedicated to this purpose that will take 
roughly 100 spectra at once. As far as we can 
tell, the universe is pret ty much homogeneous
chat is, it's the same in all directions-up to very 
large scales. T here is clustering of galaxies, even 
very fa int galaxies, but the deeper into space you 
look, the weaker it gets. One reason for this is 
chat large-scale structures need time to grow- it 
takes a while for galaxies to fall together- so the 
clustering signal gets fainter the further back you 
look. The origins of large-scaLe structure and 
clustering of galaxies are fascinating problems, 
and that's one of the things we're trying to 
address in this deep-sky survey. 

We can also study individual galaxies that 
we know are far away. At left is an infrared 
image from the very first science run with the 
Keck, of a radio gaJaxy-a galaxy that's also a 
copious emitter of radio waves--called 4C41 .17 . 
At the time, it was tbe most d istant galaxy 
known. It has a reclshift of 3.80. Because an 
object's redshift is a proxy for its distance, and 
because light rakes a very long time indeed to 

reach us from such f.:'lr-off galaxies, this redshift 
is equivalent to a look-back time of 88 percent 
of the age of the universe. In other words, we're 
seeing 4C41.17 as it was when the universe was 
a mere 12 percent of its present age. We don ' t 
know how old the universe is-that's one of the 
biggest questions in cosmology today- but if we 
assume that the universe is about 15 billion years 
old, which is our best guess at the moment, then 
the light from this galaxy started toward us 12 
billion years ago. This light was al ready about 
two-thirds of the way here when the solar system 
formed. It's therefore possible that we are seeing 
light emitted from what was then a very young 
galaxy still in the process of formation . 

At this point , you might well ask how we 
know that the universe is still expanding, if our 
data are 12 bill ion years old? What's happening 
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Left: Two spiral galax. 
ies approaching each 
other on parabolic 
trajectories (arrows) 
distort, form a bridge, 
and eventually merge. 
The number in each 
frame shows the time 
elapsed since the 
beginning of the sim· 
ulation, in units of 250 
million years. 

Left: Radio galaxy 
Centaurus A as seen 
in visible light (top) 
and at radio wave· 
lengths (middle). The 
dark band across the 
center of the top pho
to is a thick cloud of 
dust that we assume 
is the byproduct of a 
galactic collision. 
The two views are at 
the same orientation, 
but not the same 
scale. If we were 
close enough for a 
better view, the gal. 
axy and its plasma 
jets might look like 
the bottom picture. 

back there now? And the answer is, we have to 
wait another 12 billion years and look again to 

find our. It's a good Cal tech thesis-------or maybe 
a good tenure project, I don't know. 

Since rhe universe is expanding in every direc
tion l it may cOllle as a surprise dut galaxies like 
to collide. At far left is a numerical simulation of 
two galaxies that should pass by each other, but 
no--they distort each other tidally, bash togeth
er, collapse, and make a single object, while vast 
masses of gas sink right smack into the galactic 
core. Such collisions, and even near misses, may 
be what creates radio galaxies and quasars, which 
are also strong sources of radio waves. 

Radio gala.xies often appear misshaptn in 
visible light, bur they look even stranger at radio 
wavelengths. They tend (U have a small, bright 
core right in the middle, flanked by twO huge 
blobs of plasma-----charged particles, like elec
trons- spurting out in opposite directions. Most 
of the galaxy's radiated energy comes from the 
plasma blobs. What we believe is going on, and 
those of you who bought Kip Thorne's book, 
Black Hole.r & Time Warps, may recognize the 
illustration, is that the radio galaxy has a massive 
black hole in its belly. Gas stirred up by the col
lision spirals in toward the black hole, forming a 
disk because it has roo much angular momentum 
to fall straight in . The spiraling gas gets ionized 
and accelerated into hlSt jets of plasma that, per
haps guided by a magnetic field, shoot out per
pend1cular to the disk to become the radio lobes. 

Quasars emit the radiant energy of a galaxy 
from an object roughly the size of [he solar sys
tem. Their redshifts reveal them to be the most 
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83 1253+432 (left) is 
unprepossessing to 
the eye, being the 
faint red object above 
the left-hand point of 
the diamond, but a 
plot of its spectrum 
(below) shows some
thing more exotic. 
One axis of this plot is 
velocity, and the other 
is spatial distribution. 
If everything associat
ed with the galaxy 
were receding from us 
at the same speed, all 
the data would plot to 
a straight line. 
Instead, we see two 
lobes of gas being 
ejected from the 
galactic core (white 
cross} in opposite 
directions. One lobe 
is coming toward us, 
the other is heading 
away from us. The 
colors indicate the 
signals' intensity, 
which provides 
information about the 
mass and excitation 
states of the gas. 

Right: The bright 
yellow spot at the 
center of this image 
is 3C324. The cluster 
of elliptical galaxies 
surrounding it include 
the two red spots just 
below it and the red 
spot just above it. 

d istant known objeCts in the universe, and they 
thus give us hints about galaxy fo rmat ion in rhe 
very earliest days of the universe that we can see. 
Most people believe that rhere's a quasar hidden 
in every radio galaxy, and whether we see the 
quasar or not depends on our viewing angle. 
This is fine, because when the quasar is obscured, 
we can study the radio galaxy, which the quasar 
would otherwise outshine. 

H igh-redshift radio galaxies may look pecu
liar, but at least we can sec them- they're the 
most distant galaxies known. They give us some 
glimpse of what galaxies in the early universe 
might look like. This thing at left, known by 
the romantic name ofB3 1253 +432, has a 
tedshift of2.33, wh ich means that the look-back 
time is 80 percent of the way to the Big Bang. 
B3 1.253 +432 doesn 't look too impressive, bur 
its spectrum showed something truly spectacular, 
as shown in rhe lower image. This galaxy seems 
to be ejeering vast masses of ionized hydrogen 
at speeds of a couple thousand kilometers per 
second, which is about as fast as we've ever seen . 
We don't understand such phenomena very well , 
but it shows you the power of the Keck, both 
in infrared imag ing and in optical spectroscopy, 
[Q swdy such systems. 

Above is anocher radio galaxy, also known 
from previous studies, called 3C324 . Ir has a red
shifr of 1.21, which is a look-back time of about 
65 petcent of the way to the Big Bang. Mark 
Dickinson from the Space Telescope Science 
Insriture, H y Spinrad from Berkeley, and col 
leagues used the Keck to find that 3C324 is 
surrounded by what appears co be a cluster of 



Above: The brightest 
two objects in the 
middle of this photo 
are a pair of quasars 
as seen in visible 
light. 
Right: Some of the 
objects around the 
quasar pair weren't 
very bright in visible 
light, but stand out 
more prominently in 
this infrared image. 
These infrared·bright 
galaxies could be 
elliptical galaxies in 
a cluster associated 
with the quasar pair. 

Left: Quasar Parkes 
1614+051 is the large 
yellow blob in the 
center of this picture. 
The red dot above and 
to the left of the qua
sar is a previously 
discovered active 
galaxy. The green dot 
midway between the 
two, however, is a 
newfound companion 
galaxy. Analysis of 
its spectral data is 
still under way, but 
preliminary results 
hint that the compan· 
ion galaxy is at the 
same distance as the 
quasar and the active 
galaxy, indicating that 
they may all belong to 
a compact group of 
galaxies. 

relatively normal ellipt ical galaxies. This is 
a major find, because it will probably prove [0 

be one of rhe most dis[am clusters known. The 
researchers recemly obtained spectra of it wirh 
the Keck, and have measured some of the dis
ranees, but the work hasn 't bten published yet. 

We're also studying several known pairs 
of quasars. We're doing chi s for twO reasons. 
One is to better understand what makes quasars 
"quase"-in order to product a quasar's stupen
dous amoum of energy, a great deal of material 
would have to be dumped into thar black hole. 
The other is rhat, since galax ies like to cluster, 
wherever we see a quasar pair, there may be ocher, 
relatively normal galaxies lurking nearby. T he 
pictures above show twO separate quasars at a 
redshifr of l.35-68 percenr of rhe look-back 
time-and they also seem to be surrounded by 
a cluster of normal, reddish-colored galaxies. 
We would dearly like to measure the distances 
to the red galaxies, but we si mply haven't had 
the chance to do so yet. This could be the most 
distanr cluster known, if it pans out. Clusters of 
galaxies are good because they gi ve you a whole 
selection of galaxies at the sa me ci isCJnce, which 
you can compare to clusters nearby. This can tell 
you a lot about the way in which galaxies evolve. 

Another known quasar, called Parkes 
1614 +051 , si ts next to an ac tive galaxy (an 
otherwise normal galaxy that has a brighter-than
normal core) at the same d isrance. They have 
a redshifr of 3.2 1, or a look-back rime of86 per
cent of the way to the Big Bang. Th is mig ht be 
a whole compact group of galaxies, perhaps st ill 
forming. 
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Top: The thing that 
looks like a water 
molecule is a quasar 
pair named UM 425. 
One quasar is the 
oxygen atom; the 
other quasar is the 
right-hand hydrogen 
atom. This is the 
view from the Euro
pean Southern 
Observatory's 3.6-
meter telescope at 
optical wavelengths. 

Middle: The 10·meter 
Keck's·eye view of 
the same quasar pair, 
also at optical wave
lengths, unveils two 
fainter companions, 
one of which was sort 
of visible before (but 
only if you knew to 
look for it). 

Bottom: In the Keck's 
infrared view, the pair 
on the left side 
becomes a three· 
some, the big quasar 
acquires two close 
attendants, and the 
little quasar gets a 
buddy of its own. 
Note that the brighter 
light sources morph 
into six-sided objects 
in the Keck images
an inheritance of the 
telescope's hexagonal 
mirror segments. Thus 
every star is a Star of 
David at the Keck. 
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Below: Gravitational 
lensing can cause an 
observer to see two 
images of a single 
distant quasar. 
(You can see this was 
drawn especially for 
the Keck Telescope.) 

gravitational bending of light rovs 

\ -----;-'-
~ quasar lfK
~Odistant 

-------.. 

H ere's an example of just how much better 
you can study such systems with the Keck. The 
top left picture is ofUM 425, a known quasar 
pair at a redshift of 1.46, raken with the Euro
pean Southern Observatory's 3.6-meter telescope. 
Below it is the same pair as seen by the Keck. 
The Keck has revealed a lot of features that 
couldn't be seen before. We've taken these 
quasars' spectra, and tbey're noticeably different, 
so the quasars are probably interacting, perhaps 
in a compact g roup of galaxies. T he real surprise 
came when we took an infrared image (bottom), 
revealing a whole set of new infrared galaxies that 
are probably at redshifts sim ilar to that of the twO 
quasars-70 percent of the look-back t ime to the 
Big Bang. The sharpness of these images is 
unprecedented. 

Another strange astrophysical phenomenon 
we can look at is gravitational lensing . One of 
the consequences of Einstein's theory of general 
relativi ty is that a gravitational field will bend 
[he paths of light rays; indeed, that's how the 
theory was originally tested. Now, suppose 
there's a distant quasar in the background, and 
there's a galaxy, or a cluster of galaxies, in the 
foreground . As shown in the diagram above, 
the light rays from the quasar will be bent by 
tbe foreground gravitational field, and instead 
of missing the earth, will fall into the telescope. 
The observer can extrapolate the diverging light 
rays backward, and should see two images instead 
of one. (Actually, it wouldn 't have to be twO 
images--depending on the geometry of the 
situation, it could be fOLlr images, or five, or seg
ments of a ring, or even a complete ring.) The 



Below: The Cloverleaf 
lens, as see by the 
Keck. 

Left: An early picture 
from the Keck's NIRC 
(top) resolved IRAS 
10214+4724 into a 
multiple source, seen 
better in this zoom-in 
(center). A newer 
NIRC image (bottom) 
dissects the object 
into a point source 
and an arc-a telltale 
mark of a gravitation. 
al lens. The seeing 
in the two images has 
sharpened from 0.8 to 
0.4 arc seconds due 
to improvements in 
mirror alignment. 

first extragalactic example of this phenomenon 
was discovered in 1979, but it was aCtually pre
dicted in the 1930s by an eccemric genius at 
Caltcch, Fritz Zwicky, who made many other 
funda mental discoveries and predictions. 

The Keck turns out to be a wonderful machine 
to check on gravitational lenses. Having a large 
telescope tbat gathers lots of light is good, but 
there's another important facror, and thar's image 
quality. Tmages are blurred by the earth's atmo
sphere, most of which lies at altitudes below the 
Keck; therefore, the telescope's image quality is 
superb. This image shows a previously known 
lens called the Cloverleaf, for obvious reasons. 
The Cloverleaf is about an arc second wide. Typ
ical seeing at Palomar, which is about as good as 
you're going to get anywhere in the continental 
United States, is one or two arc seconds, so you'd 
JUSt see a litrle square blob. The Keck can distin
guish between objects that are 0.3 arc seconds 
apart, which is fa mastic. To give you an idea, 
0. 3 arc seconds is roughly what a clime would 
look like from five miles away. 

But the important thing about gravitat ional 
lenses is that they really are lenses. Because YOll 

can use a gravitational lens [Q help you see farther 
than you could otherwise, you can think of it as 
an atrachmenr you put in front of the telescope. 
(And if you thought that a hundred mill ion 
dollars was expensive for a telescope, think how 
much it would cost to buy a cluster of galaxies~) 
So lIsing gravitational telescopes in combi nation 
with the power of the Keck can teach us about 
ever more disrant galaxies. 

Tb is leads us to what was once bel ieved 

Below: BRI 1202·0725, 
as seen by the HIRC. 
The green circle 
marks the faint fore· 
ground galaxy that's 
imprint ing absorption 
lines on the quasar's 
spectrum. 

to be the most luminous object in the universe. 
It's called IRAS 10214+4724, but nobody knew 
what it was, or why it appeared (Q be as bright as 
50,000 Milky Way galaxies-500 ttillion times 
more luminous than our sun. One of the first 
images from the Keck Near-Infrared Camera 
resolved it into a nice set of components, includ
ing something that kind of looked like an arc. 
\Xlhen people saw this, they began (Q mumble, 
"gravitational lens, g ravitational lens." Recently, 
James Graham and his collaborators obtained 
superb images, including the Olle at bottOm left, 
with the Near-Infrared Camera, which indeed 
shows a poine sou rce and an arc. So this object, 
which launched dozens of papers proposing 
theories to explain how it could be so fanrasticall y 
luminous, [LJfIlS out to be yet another gravitation
al lens. Subsequent observations by the Hubble 
Space Telescope have confi rmed the Keck result . 

The infrared sky is a whole new sky-a lot 
of wonderful new scuff is showing lip. A year 
or so ago, we looked at the second most distant 
quasar known, BRr 1202-0725, with the Near
Infrared Camera, and a faint infrared galaxy 
showed up nearby. L'lSt winter Wallace Sargent, 
the Bowen Professor of Astronomy , and postdocs 
Limin Lu and Donna Womble obtained the 
quasar's spectrum and discovered that it shows 
absorption lines due to a foreground galaxy at 
a tedshift of 4.4. Tbe infrated galaxy could well 
be thar absorber- ir's faint enough to be that dis
tant. A group at the European Somhern Obser
vatory recently obtained more data and essentially 
proposed the same thing. If confirmed, this infra
red galaxy would then be the most distant galaxy 
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Right: The upper 
spectrum, of quasar 
Q 0000~263, was 
gathered at the five· 
meter Hale Telescope 
at Palomar in 50 
minutes. (Data from 
Sargent, Steidel, and 
Boksenberg, 1989.) 
The lower one, of the 
same quasar, took the 
Keck HIRES only four 
times longer to col· 
lect but has a 45·fold 
increase in resolution. 

Below: Kecks I (white 
dome) and II {primer· 
red dome}. I used to 
tell visitors that the 
infrared telescope 
lived in a special red 
dome, but it's since 
been painted white. 
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known, other than rhe quasars themselves. 
There's a great deal of work being done on 

qU<L<;ar absorption lines at the Keck. If you look 
toward a quasar, your line of sight might pass 
through a cloud of gas, which might be associat
ed with a galaxy. Then, superimposed on rhe 
quasar's speCtrurn, you would see absorptions due 
to that gas. Multiply this by the many thousands 
of gas clouds that I ie between YOll and a f..'lr dis
tant quasar, and YOll have one humongously com
plex specrrurn. The Keck Telescope coupled 
with the H IRES instrument is now the preemi
nent (001 for studying intergalactic gas, because 
the Keck's great I ight-gathering power and tile 
H IRES's superior spectrographic capabi lity 
provide much more detailed speCtra per unit 
of observing rime. 

\'{Ihat of the future? Eighty-five meters away 
from the Keck Telescope stancls Keck II , which is 
almost finished. It should see firsr lighr this win
rer, and we hope to start doing science with ir 
next autumn, or maybe even sooner. l t was bu il t 
LInder budget and ahead of schedule. The second 
Keck will be opeimized for infrared astronomy, 
which means doing some excra litde thi ngs, like 
coaeing [he mirrors with silver rather (han alumi
num to make them more reflective to infrared 
lighc 

Of course, ie's nice to have twO telescopes 
instead of one, but the plan is to combine light 
from the (wo Kecks in an interferometer. The 
idea is to observe an objen with both telescopes 
at once and combine [he light into one signal 
with a precision of a few pares in a hundred 
bill ion or so--a small franion of a wavelength . 



What adaptive optics 
can do for you. In this 
simulation, the object 
being observed (top, 
center) is a protoplan. 
etary disk-an embryo 
onic solar system. 
The disk, which we're 
seeing face·on, sur
rounds a young, sun· 
like star 140 parsecs 
away from us. The 
star's light has swept 
away all the gas and 
dust out to the radius 
of Earth's orbit, allow· 
ing the star to shine 
forth from the cleared 
area while planets 
continue to form in 
the remaining part of 
the disk. The bottom 
left panel shows how 
this star might look to 
the Keck in its current 
state. The center 
panel shows how 
adaptive optics 
should sharpen the 
image, and the right 
panel shows what one 
might see with two 
Kecks and four small 
telescopes. (Such 
outrigger telescopes 
would provide addi· 
tional information 
over baselines other 
than the one connect· 
ing the two Kecks.) 

~I 

I 
j , 

01' 

This doesn't mean you see any deeper, because 
you only get as much light :is hits the nvo mir
rors, bur you achieve an ilbility to discriminate 
angular separations between objects that's equiva
lent to having an 85-meter-diametcr telescope
the distance between the two mirrors. And ~ee
ing objects that are very dose together can be 
used to confirm that planets exist around other 
stars and that our solar sy~tem is not unique, 
which is one of the major goals in astrophysics 
today. This is why the NASA planetary commu
nity has become a partner in the second Keck. 

But there's something else we have to do 
before ~we can start doing imerferometry. Light 
gets smeared and blurred as it passes through the 
eanh's turbulent atmosphere, so we can't see 
quite as lar or as sharply as we would if thettmo
sphere weren't in the wav. Many people are 
working on a new technology, called adapt! ve 
optics, that allows us to probe the atmosphere 
by using a bright star nen co the object we're 
studying. (If there isn't star handy, some other 
observatories shine a laser beam skyward. 
Roughly 100 kilometers up, in the upper tropo
sphere, the beam reflects trom a sodium layer
detritus trom meteors that burned up in the 
atmosphere-and generates a fake "star." AL
though still visible to the lelescope after a 200-
kilometer round trip, the ourgoing beam can'l be 
seen by anyone standing even a few hundred feet 
from the dome.) We know that the light from 
the bright star (or the laser) slarts our with 1(S 

rays pertectly parallel, so we can measure how 
the light was distOrted by the atmosphere. This 
information is sent to a small adjustable mirror 

that move" w compensate for the distortion and 
take om the blur. In other words, adaptive-optics 
technologv cmtwinklEs the stars and makES them 
as sharp and steady as seen by the Hubble Space 
TElescope. W ('re JUSt bEginning to de~ign an 
adaptivE-Oplics system for Keck II, and we hope 
evemuallv LO have one for Keck I as well. Then 
,ve 'vill be d.ole CO combine the light in interfer
ometer fashlO11 LO xhleve the best possible resolu
lion the tele~c()Fe~ are capable of. The farther 
apart you put '~")ur telescopes, the more difficult 
it gelS to do lllu:nerometry. \Y/ e don't really 
know hm'/ l1:1rd it will bE to make it '-'lOrk over an 
85-meter baseline, It, going to take a great deal 
of hard work, but chere are no insurmountable 
tEcnnieJ obsude~. 

[hE ~imulatioll at left shows what one might 
expect LU ,CL ,\,jth one Keck and adaptive optics 
(lett box), <llld with two Kecks and adaptive 
OptICS (cenLer hox). (Ii we were to then add four 
smaller telescope', and observe for a few nights 
to i)ilher mort: iight, we might see something 
like what'" ,!:;mvn in the right box.) Once the 
adapnve oplic' 1fe working, the Keck will be 
compecitivt' with the Space Telescope in sharp
ness of \,i51011, J.t least at infrared wavelengths 
\which the -ir:K'e felescope does not observe), 
and probablY ~3t a very minor fraction of the cost 
of rhe Space Tele'cope, This is where the future 
lies, I Lhink -ill [he adaptive-optics revolution, 
in :emovillg the Jetrimental effects of the earth's 
atmosphere. It's much cheaper than putting 
telescopes 011 the moon, and who knows what 
'Nonderful JisLllVeries still await us? C 

J,k/ '1)/ /";il BL 1 ~.,;; (!~ /fopiJysirJ .fro;;; the U171;J['rsjty 

{~f B[!~r ;("~ ;' ~)7(.1 /Jll!1 hir PhD if; tArtro;70;lt),' ;;; 

! 9H ') (ru1?; l:c Be; /-'('!!'~'I, He thai s/,e;;t tUJ(j ye~7rs 
Hvll '?::::1-j, a;;:d joli7cd the Calte:h 

H:~\ h?tC":sts Slltl~;7 ;;7,1;:yjidd, of 
YJ!7;~ ir7tl':,t/( qp;:ftif)771 ab(i/4f 

7:;,/ C~',?liftioil of gai1':ier, 
51,1'- eltlrtfn. He ;.()(1I a;; 
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Most of the former 
contestants in the 
Caltech·Cambridge 
DNA duel gathered at 
a Caltech protein con· 
ference in September 
1953 (this is about a 
third of the group). 
Pauling and Corey 
stand at right in the 
front row; .John Ken· 
drew at left. Wilkins 
is in the second row 
at the left behind 
Kendrew (no, they are 
not twins); Rich is 
second from left and 
Crick at far right. In 
the back row Max 
Perutz stands seoond 
from left, next to 
Schomaker, who is 
next to Watson, loom· 
ing over Pauling's 
head. In 1962 Crick, 
Watson, and Wilkins 
won the Nobel Prize in 
physiology or medi· 
cine. while Perutz and 
Kendrew of the Cav· 
endish Lab won it in 
chemistry. Pauling 
won the 1962 Nobel 
Peace Prize. 

This artirle is exmpted 
/rom Force of Nature: 
The Life of Linus 
Pauling, by Thomas 
Hager; Copyright © 
1995 by Tbomas Hager. 
Reptillted by perii7irsio71 0/ 
S imOil & S [h1!Jtei~ Inc 

The Triple Helix 

by Thomas Hager 

117 J(;{117!;S 1f7atsOil'S 1968 boo/?', The Double 
Helix, he u'rites Clll irt'Cl!Crcnt account of the race to 
discot'er tbe str;,'ctm"c ofDNA-m sec;l/rolli Ei7gla;;,~ 
where the race was WOil in 1953. From the beg1;m;i7g, 
1f7atsoil (/lld Fr,n;r1s Crick at Sir LaU~"CilCe BI~1gg'S 
CapcndiJh La/Jo;,,-:t01J' at Ca1;;bridge Ullir'c;-sit)'; ,k;ltU: 

thEY u'e/"( ill a [017test with Lim/r Pa!tii;;g, "Cal Tech's 
fab!!loNs chemist" fot tbe prize, "the mOft goldm 0/ cdl 
mo/eClJies." Also iJ7{Jo/ucd iil a sOf17ewh?1t l!l2M'), co/.
lahoratifJIl 077 the English sidr were the x-ray ClJ'Jtcd
lographcn Marlrice WTilkim (md RosaliHd F;-,;mb/i;i 

at King's College it! Lmldo". 
Mca'71phile, wh,1t was going 017 at C?1lteri?? 117 hi.\' 

L· I '+P I' T H . I . recent ologralJ,}Y OJ ail./1;gJ OJH C7gcr gtt'cs tfJC Z)'1.t:lI' 

/;"0117 Pasadmr:t. W/hile 1f/at so77 and Crick Wei(: 

U-ril7gii7g their hr:nds abo!!t what progtcss he 177 igh! be 
Ilk1.l'il1g, PC!!tiing U'Cl.fii't giui;7g it much thought at all. 
He [cru!;;!y comiderd DNA withili his OWN pro;:i.17ce, 
but initi(J/ly bad little interest in it; he u'as prcf)((1fjiieJ 
by proteim, which he thollgbt far more camjllex a"d 
interCJtilJg thaii deoxyrib0l71ldqic arid 1l7bw he UN1\" 

rcfimd a !Jasport tl) attmd ., of the Royal 
Society in LOlldr!i7 i77 Ma)' 1952, he 1171JSed the [hr:{1lCe 
to see 1fl i/kim a17d Fral7kli,,'s :,;-ra)' photos and ba1 'f 

his lIliild rhimged (B'4 Pa;4i iig's close collabor,7.!or, 
Robert Curey, did see the photos, which takes the Ma'iir 
for PaU !i;7g's /ajl1!i"C off the St,1te Depart;i7fi7t,) Pa';/
jng's pas.port [(,me through iI; J;1/)" ill time to attc77d 
the Intemati0l7a! Phage ColloquilJiii at Roya/lJ771)i7t, 
oNtsidc Paris, {md bet!1" the pro~f tbat DNA W,.1J 

ind.eed tbe lii,Ner 1{7olemle ~r gCilEticr, He spoke with 
1f1atsolZ {I! Royail1iloiitj li7ft Cricb at Cambridgf, bitt 
did not bathe;' to take tbe opportlmity to 111S1! Kjlig's 
College, miJfi/7g his cballee a second timp P?11;//i;g'j· 

l'pter"ft "Jnr 1?ou'""'";' fi'/onlh p;q'lpd .t- ,c;. U. ,.".., f"" v{""", l H>! ./ I t,",. 

UI did 170t feel 
that I was in a 
race z.uith Watson 
and Crick . ... 
They felt that 
they were in a 

. 1 ,. r,1CeU!ltl'J me. 

The real prize. the true secret of life, Pauling 
now knew, '.vas DNA, and it Vias here that he 
next turned his anention. 

On November 25. 1952, three months after 
returning from England, Pauling attended a 
Caltech biology seminar given by Robley 
\Villiams, a Berkeley professor who had done 
some amazing work with an electron microscope. 
Through a Lomplicated technique he was able to 
get images of incredibly small biological struc
tures. Pauling was spellbound. One of\Vill
iams's photos showed long, tangled strands of 
sodium ribonucleate, the salt of a form of nucleic 
acid, shaded so that three-dimensional details 
could be seen. \Vhat caught Pauling's attmrion 
Vias the obvious cylindricality of the strands: 
They were nor flat ribbons; they were long, 
skinny tube~. He guessed then, looking at these 
black-and-u.rhice ::lidt's in the darkened seminar 
room, that DNA was likely to be a helix. No 
other conformation would fit both Astbury's x
ray patrerns of the molecule and the photos he 
was seeing. Even better, \Villiams was able to 

estImate the sizes of structures on his photos, and 
his work shov.'ed chat each strand was about 15 
angstroms .tcross. Pauling was interested enough 
to .tsk him LO repeat the figure, which \XTilliams 
qualified by noting the difficulty he had in 
making precise measurements. The molecule 
\Villiams was showing was not DNA, bur it 
was a molecular cousin-and it started Pauling 
thinking. 

The ne'er day, Pauling sat at his desk with a 
pencil, a she:lf of raper, and a slide rule. New 
data that summer from Alexander Todd's 
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Proteins were Paul
ing's primary interest 
it! the early 19505. 
This photo of Paulit!g 
and Robert Corey with 
a protein model ap
peared in the October 
1951 issue of Eng;
neering 8, Science, 
illustrating an article 
on ·'The Structure of 
Proteins." 

And this U'{1S 

what the centr{t/ 
problem had 
redttced itself to 
iN his mind: a 

'. J I questtull OJ pIJOS-

phate stntctttral 
ChWlistl}" 

laborator; had confirmed the linkage points 
betv,'een the sugars and phosphates in DNA; 
other cVork showed vihere they connected to the 
bases. Pauling ,vas already convinced from his 
earlier work that the various-sized bases had to be 
on the outside of the molecule; the phosphates, 
on the inside. Now he knew that the molecule 
was probably helicaL These were his starting 
points for a preliminary look at DNA. He did 
not know how far he would get with this first 
attempt at a structure, especially because he still 
had no firm structural data on the precise sizes 
and bonding angles of the base-sugar-phosphate 
building Hocks of DNA, but it was worth a look. 

Pauling quickly made some calculations to 
determine DNA's molecular volume and the 
expeCted length of each repeating unit along its 
axis. Astbury's photos showed a strong reflection 
at 3.4 angstroms-according to Pauling's calcu
lations. about three times his estimated length of 
a single nucleotide unit along the fiber. Repeat
ing groups of three different nucleotides seemed 
unlikely; a rhreefold chain structure would ex
plain the repeat more easily. His density calcula
tions indicated that three chains would need to 
pack together tightly to fit the observed volume, 
bur that was all right. In crystallography, the 
tighter the packing, the better. After five lines of 
simple calculations on the first page of his attack 
on DNA, Pauling wrote, "Perhaps we have a 
triple-chain structure!" 

He was immediately captivated by the idea: 
three chains wound around one another with the 
phosphates in the middle. Sketching and calcu
lating, he quickly sa,,' that there was no way for 
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hydrogen bond~ to form along the long fiber axis, 
holding the windings of the chain in place, as in 
the alpha helix. \Vithout them, what held the 
molecule in shape? One place that hydrogen 
bonds could form, he saw, was across the middle 
of the molecule, from phosphate to phosphate. 
That was a surprise, but everything else seemed 
to be working out. After six pages of calcula
tions, he wrote, "Note that each chain has ... 
roughly three residues per turn. There are three 
chains closely intertwined, and held together by 
hydrogen bond~ between PO,,'s." The only 
problem was that there did not seem to be quite 
enough space in the center of the molecule, where 
the phosphates came into closest contact. He put 
down his pencil for the night. 

Three days later, he came back to the problem. 
According to Astbury's figures, DNA was a rela
tively dense molecule, which implied tight pack
ing at the core. But trying to jam three chains' 
worth of phosphates into Astbury's space restric
tions was like trying to fit the stepsisters' feet 
into Cinderella's glass slipper. No matter how he 
twisted and turned the phosphates, they wouldn't 
fit. "\Y/hy ,ire the PO . it! a colztttttl so dose together?" 

~ 

he wrote in frustration. If Astbury's estimates 
on distances could be relaxed a bit, everything 
would fit, but Pauling could not do that without 
deviating too far from Astbury's x-ray data. 
Pauling next tried deforming the phosphate 
tetrahedra to make them fit, shortening some 
sides and lengthening others. It looked better, 
but still not right. He stopped again. 

Next, he had an assistant go back through the 
literature in the chemistry library and pick up 
everything he could find on the x-ray crystallog
raphy of nucleic acids. There was not much to 
go on besides Astbury's work and that of Sven 
Furberg, a Nonvegian crystallographer who had 
studied under Bernal and had found that the 
bases in DNA were oriented at right angles to the 
sugars. There was not one detailed structure of 
any purine or pyrimidine, much less a nucleotide. 

On December 2 he made another assault, fill
ing nine pages with drawings and calculations. 
And, he thought, he came up with something 
that looked plausible. "I have put the phosphates 
as close together as possible, and have distorted 
them as much as possible," he noted. Even 
though some phosphate oxygens were jammed 
uncomfortably close in the molecule's center, 
not only did it all just fit, but Pauling saw that 
the innermost OXygens packed together in the 
form of an almost perfect octahedron, one of the 
most basic shapes in crystallography. It was 
very tight, but things were lining up nicely. 
It had to be right. It had been less than a week 



Sir Lawrence Bragg 
(right), Nobel laureate, 
cofounder of x-ray 
crystallography, and 
director of the Caven
dish Laboratory, was 
Pauling's great rival. 
He chaired one of the 
sessions of Pauling's 
protein conference 
here in September 
1953. At left stands 
William Astbury of 
Leeds University, on 
whose x-ray data 
Pauling based his DNA 
model. 

" This perspective 
model of DNA ap
peared in Pauling and 
Corey's paper, "A 
Proposed Structure 
for the Nucleic Acids," 
published in the 
Proceedings of the 
National Academy of 
Sciences in February 
1953. The phosphate 
tetrahedra are in the 
center, connected by 
the sugar rings into 
chains with the 
purines and pyrimi
dines (here represent· 
ed by purine only) 
attached on the 
outside. 
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since he first sat down \vith the problem. 
The next day, Pauling excitedly wrote a col

league, "I think nO"l we have found the complete 
molecular structure of the nucleic acids." During 
the next several weeks he ran downstairs every 
morning from his second -story office in Crellin 
to Verner Schomaker's offIce, "[,CI), enthusiastic," 
Schomaker remembered, bouncing ideas off the 
younger man, thinking aloud as he checked and 
refined hIS modeL He began working with Corey 
to pinpoint the fine structure. 

Then (arne trouble. Corey's detailed calcula
tion of atomic positions showed that the core 
oxygens were, in fact, too close to fit. In early 
December, Pauling went back to twisting and 
squeezing the phosphate tetrahedra. Someone 
brought up the question of how his model 
allowed for the creation of a sodium salt of DN A, 
in which the positive sodium ions supposedly 
adhered to the negative phosphates. There was 
no room tor sodium ions in his tightly packed 
core, was there? Pauling had to admit he could 
find no good way to fit the ions. But that would 
sort itself out later. The other results were posi
tive. Running the proposed structure through 
Crick's mathematical formula indicated that his 
model helix would fit most of the x-ray data, 
although not all of it. Schomaker played with 
some models on his own and found a way to twist 
the phosphate tetrahedra so that they were not 
quite so jammed, but for the moment Pauling 
saw no reason to change his ideas. The core 
phosphates were too nearly close-packed not 
to be true. 

And this was what the central problem had 

reduced itself w in his mind: a question of phos
phate structural chemistry. The blOlogical signi
ficance of DNA would be worked out later, he 
thought; if the structure was right, the biulogICal 
importance ,yould fall out of it naturally in some 
way AL this poinr it was his business to get the 
structure, not the function. So he ignored lhe 
larger contexr sur:-ounding the molecule and 
focu~ed singlemindedly on one thing: finding a 
way to fit those phosphates into the core so that 
the tesulting helixes fie the available data. 

His failh iu [hat approach had been justified 
by his success ,,"ith the alpha helix. He had built 
his protein spiral from strict chemical principles, 
published it in the face of contradictory data, and 
later found lhe fans he needed to answer his 
critic~. He was confident now about his ability 
to jump ahead of lhe pack, to use his intuitive 
grasp of chemistry to tease out a structure that 
felt right. If you waited for every doubt to be 
answered first, you would never get credit for any 
discovery. AnJ his DNA triple helix felt right. 

i\ ".reek before Christmas, he wrote Alex Todd 
at CJ.mbridge, "\XTe have, we believe, discovered 
the c:tructure of llucleic: acids. I have practically 
no doubt .... The structure really is a beautiful 
one." Pauling kne,v that Todd had been working 
\'iith puritleJ nudeotides and asked him to send 
samples of x-ray analysis. "Dr. Corey and I are 
much disturbed that there has been no precise 
structure determination reported as yet for any 
nucleotide. \\7c' have decided that it is necessary 
that some of the structure determinations be 
made in our laboratory. I know that the Caven
dish people .ire working in this tldd, but it is 
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Another view of 
Paulin'2J's model from 
his February 1953 
paper shows the 
tightly packed 
phosphates in the 
middle with the 
nucleotide residues 
spiraling around the 
outside. 

such a big tleld that it cannot be expected that 
they will do the whole job." He then wrote his 
son Peter and Jerry Donohue that he was hoping 
soon to complete a short paper on nucleic acids. 

But the strucrurt: still was not quite right. 
Everything would seem to fall into place when 
Corey came up with another set of calculations 
showing that the phosphates were packed just a 
little roo tightly, their atoms jostling each other a 
little roo closely to be reasonablle. Pauling would 
readjust and tinker, bend and squash, so close to 
the answer yet unable to make it all fit perfectly. 

§§§ 

(Two ~Lys bejurc C/JriJirt!as. profess/uilal FBI 
Lt,furrr:el' LOLir B:!jci:- tlttl/fed as cOtlcealed C utrt/flitnists 
21 pt!nj)!e, i,d:!dtf!g Li!!!S P~t:!!t'f!g. An irate PettI/trIg 
Cc7!!ed h;lf! c, fLu'. l,tt! Rtdenz was protected /rum 
prOJic':i!iuil fur Pd jli;)' by wf!gmsioflal pritii!ege.} 

Depressed about this unexpected political 
attack, Pauling tool, the unusual step of inviting 
some colleagues int!> his laborawry on Christmas 
Day to have a look at this work on DNA. He 
Vias tired of the nig,eling problems with his 
model and ready for some good news. He got it 
from his small audience, who expressed enthusi
asm for his ideas. Much cheered, Pauling spent 
the last week of the year working with Corey on 
the finalization of a manuscript. 

On the last day of December 1952, Pauling 
and Corey sem in their paper, "A Proposed 
Strucmre for the Nucleic Acids," to the Proceed-
. r" r..T " fA 1 JS . Th' l-I!gs OI ;r)i:;' 1 '1";:';1-0."1:;,, [,;1:3;;/"/!-)'OJ (tttlCes. IS 'vas, 
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they stressed, "the first precisely described struc
ture for the nucleic acids that has been suggested 
by any investigator"-thus positioning the work 
as the nucleic acid equivalent to the alpha helix. 
He went through his reasoning for the core 
structure. Most of the paper concentrated on pre
cisely stacking phosphate tetrahedra, but there 
was a little biology, too. In Pauling's model, the 
bases, the message-carrying portion of nucleic 
acids, were directed outward, like leaves along a 
stalk, with room enough to be put into any order, 
providing maximum variability in the molecule 
and thus maximum specificity in the message. 
Astbury had already noted that the 3.4-angstrom 
repeat in nucleic acid was about the same as the 
distance per amino acid along an extended poly
peptide chain, raising the idea that new proteins 
might be struck directly off a nucleic acid mold. 
Pauling noted that his model allowed the same 
thing to happen, with the sides of four adjacent 
bases along his chains forming a space just right 
for fitting an amino acid. 

There was, however, an uncharacteristic ten
tativeness in the piece. This was "a promising 
structure," Pauling wrote, but "an extraordinarily 
tight one"; it accounted only "moderately well" 
for the x-ray data and gave only "reasonably satis
factory agreement" with the theoretical values 
obtained by the Crick formula; the atomic posi
tions, he wrote, were "probably capable of further 
refinement. " 

§§§ 

It was, in fact, a rush job. Pauling knew that 
DNA was important; he knew that Wilkins and 
Franklin were after it and that Bragg's group had 
already made at least one stab at it. He knew 
that it was a relatively simple strucrure compared 
to proteins. And he knew that whoever got out a 
roughly correct structure first-even if it was not 
quite right in all its details-would establish 
priority. That is what he was aiming for, not the 
last word on DNA but the first, the initial publi
cation that would be cited by all following. It 
did not have to be precise. He wanted credit for 
the discovery. 

The hurried haphazardness of the nucleic-acid 
paper can best be understood by comparison to 
Pauling's protein work. Pauling's alpha helix 
was the result of more than a decade of off-and-on 
analysis and thousands of man-hours of meticu
lous crystallographic work. Before he published 
his model, his lab pinned down the structure of 
the amino-acid subunits to a fraction of a degree 
and a hundredth of an angstrom. There was an 
abundance of clean x-ray work available on the 
subject proteins, allowing Pauling to scrutinize 
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and eliminate dozens of alternative structures. 
Two years passed between the time he came up 
with the rough idea for his helix and the time he 
published it. Much of that interval was spent 
with Corey, overseeing and refining the precise 
construction of a series of elaborate three
dimensional models. 

None of that went into DNA. 

"The only dOllbt I hal)e . .. " 

Crick and Watson were downcast by the neVlS 
from Peter in late December that Pauling had 
solved DNA. Alternating between bouts of 
despair and denial-trying to figure out how he 
could have beaten them and then deciding that 
he certainly could not have without seeing \Xlil
kins and Franklin's x-ray work and then think
ing, well, of course, he is Pauling, so anything is 
possible-they continued working on the prob
lem themselves. If they could come up with 
something independently before Pauling's paper 
appeared, at least they might share credit. 

The previous spring, a few months after they 
had been warned off DNA and a few months 
before Pauling's visit to the Cavendish, Crick and 
\Xl atson had been introduced to Erwin Chatgalff, 
the acerbic and opinionated Austrian-born bio
chemist who had been using chromatography to 

analyze the chemical composition of nucleic 
acids. Chargaff was not impressed. "I never met 
two men who knew so little and aspired to so 
much," he said. "They told me they wanted to 
construct a helix, a polynucleotide to rival 
Pauling's alpha helix. They talked so much 
about 'pitch' that I remember I wrote it down 
afterwards, 'Two pitchmen in search of a helix.'" 
But this conversation was critical to Crick and 
Watson. Chargaff told them that there was a 
simple relationship between the occurrence of 
different bases in DNA, that adenine and thy
mine were present in roughly the same amounts 
and so were guanine and cytosine. One of each 
pair was a larger purine; the other, a smaller 
pyrimidine. It was the same relationship that 
he had told Pauling about during their Atlantic 
crossing in 1947 and that Pauling had ignored. 

But it made all the difference to Crick and 
Watson. Franklin's criticisms had already 
pointed them toward putting the phosphates on 
the outside of the molecule; now they had the 
clue of a one-to-one relationship between the 
bases on [he inside. They began thinking about 
helixes in which the purines and pyrimidines 
lined up somehow down the core of the molecule. 

\Xlhen Pauling's much anticipated DNA 
manuscript arrived via Peter in early February 

1953, both researchers were surprised to see 
something that looked like their own abortive 
three-chain effort, only more tightly put togeth
er. A few minutes' reading showed that there 
was no room at the core for the positive ions 
needed to hold together the negatively charged 
phosphates. Crick and \Y/atson were dumb
founded. Pauling's structure depended on 
hydrogen bonds between the phosphate groups, 
bur how could there be a hydrogen there when 
the phosphates in DNA lost their hydrogens at 
normal pH? "\Vithout the hydrogen atoms, the 
chains would immediately fly apart," \'lfatson 
said. They had already been through this with 
their OW11 model, but they checked it again, and 
there it was in black and white in a respected 
texc The phosphates had to be iOillzed. The 
book they were looking at was Pauling's Ccrli.i<1! 
Chuf71Jt;J', 

There was an immense feeling of relief. "If a 
student had made a similar mistake, he would be 
thought unfit to benefit from Caltech's chemistry 
faculty ," ~<i atson later said. He and Crick imme
diately wem off to coufirm their criticism with 
Cambridge's chemists. Before the day was out, 
Pauling's mistake was the talk of the college: 
Linus's chemisLry was wrong. 

JUSt as importantly for \\latson, when he told 
\'':Tilkins of Pauling's mistake :lnd his idea that 
DNA was helical, he ,vas given a reward: his !11st 
look at the more recent x-ray patterns Franklin 
had gotten [rom the molecule. She had found 
thar DNA ey_isted in two forms, a condensed dry 
form and all extended ,,"et form the structure 
assumed when it Jrank up all that water. Ast
bury's photos, the ones Pauling had used, had 
been of a mixture of the two forms. Franklin's 
recent shot~, much clearer and of only the <::x
tended form, immediately contlrmed to ''\Iatson 
that the molecule was a helix and gave him 
several vilal parameters for its solurion. 

\Vith obvious ~~tisfaction, Crick, still smart
ing a bit from the coiled-coil affair (a disPlftP 01·'(;' 

r]'r;,F; lor a soh;illi! tf) the alpha-belix strl~(t!lre}, 
WfOte Pauling, to thank him for providing an 
advance copy of his nucleic acid paper. "\\1 e were 
verv struck by (he ingenuity of the structure," he 
wrote. "The only doubt I have is that I do not see 
what holds it togelher." 

Pauling's apparent misstep pleased Bragg so 
mULh that he agreed to let Crick and \Vatson go 
back full-Lime to DNA. There was a window of 
opportunity here, and he wanted the Cavendish 
to rake advantage before Pauling had time to 

regroup. 
Pauling, hO'.vever, had already moved on to a 

new project, a theory of ferromagnetism that he 
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immediately. 

UNIVERSITY OF CAMBRIDGE 

worked on through the spring. He also began 
making plans for a major international protein 
conference in Caltech the next fall and was drawn 
back to DNA only when Peter wrote him in mid
February about the English hooting at his struc
ture. Corey had by now finally fi n ished checking 
Paul i nb' ~ atomic coordinates, some of which 
appeared a.sain to be unacceptably tight. "I am 
checking over the nucleic acid structure again, 
trying to refine the parameters a bit," Pauling 
V,'fOtc Peter hack. "} heard a rumor that Jim 
\vatson and Crick had formulated this structure 
already sometime back, but had not done any
thin£ about it. Probably the rumor is exaggerat
ed." In latt February he finally tried Schomaker's 
suggestion of twistIng the phosphate groups 45 
degree~ and founn that it eased some of the strain. 

Somethmg ,;,:as still wrong. When Pauling 
gave a SEminar on hlS DNA structure at Caltech, 
the reception was cool; afterward, Delbrtick told 
Schomaker that he thought Pauling's model was 
not convincing. He mentioned a letter he had 
gotten from \vatson saying that Pauling's sttuC
ture comained "some very bad mistakes" and in 
which \vatson had added, "I have a very pretty 
model, which is so pretty that ][ am surprised that 
no-one ever thoughl of it before," Pauling want
ed to know more. He quickly wrote Watson 
inviting him to his fall protein conference, 
mentionin,; that he had heard from Delbrtick 
aboUt his DNA work, and encouraging him to 

keep working on the problem. "Professor Corey 
and J do not feel that our structure has been 
proven to be right;' he wrote, "although we 
incline to think thaI ir is." In early March he 
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drove with Ava Helen to the University of 
California at Riverside to examine a collection of 
organic phosphates there, finding candidates for 
structural analysis that would be similar to the 
phosphate groups in DNA, looking for models to 
tell him how much he could deform his tetrahe
dra. Crick's barb about what held the molecule 
together led hIm to gather chemical precedents 
for the existence of adjoining negative charges in 
the same molecule, and he began to reason to 
himself that perhaps the DNA core environment 
was a special one that allowed the phosphates to 
exist as he had proposed. It was still, to Pauling, 
a matter of phosphate chemistry. Meanwhile, 
Todd had sent him the requested samples of nu
cleotides, and Pauling started their x-ray analysis. 

He was finally laying the groundwork for a 
reasonable structure. But it was too late. 

§§§ 

Given the go-ahead to return to DNA, thanks 
to Pauling's paper, Crick and Watson each began 
feverishly devising models, focusing more on 
two-stranded models now that Chargaff had 
gotten them thinking of bases somehow pairing 
with each other. The "very pretty model" of 
which \Vatson had written Delbrtick was one 
attempt, but it was wrong, as Jerry Donohue 
pointed out. 

Donohue's input turned out to be critical. A 
magna cum laude graduate of Dartmouth who 
had worked and studied with Pauling at Cal tech 
since the early 1940s, Donohue knew structural 
chemistry inside and out. Hydrogen bonding 
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had been a specialty of his, and he saw that Crick 
and 'V{! atson, chemical novices that they were, 
had been playing ,'lith the wrong structures 
for guanine and thymine. He set them right, 
switching the hydrogen atoms essential for cross
bonding into their correct positions, destroying 
their earlier model and pushing them toward the 
correct solution. 

\1{lith Donohue's corrections, Crick and 
\'if atson could nm'.' see hydrogen bonds forming 
naturally between specific pairs of purines and 
pyrimidines: adenine to thymine and guanllle to 
cytosine. That was the last piece of the puzzle, 
and the result was dazzling. Matching a large 
with a small base not only smooched [he struc
ture's outline but provided a simple explanation 
for Chargaffs findings. The resulting structure, .1 

sort ofladder with base pairs .is the SIeps and the 
sugar-phosphate backbone as rhe runners, tC)fmea 
easily into a helix that matched the x-ray data. 

]\vIore than beautiful, the structure had mean
ing. Each strand was a complementary muror 
image of the other; if separated, each could act as 
a mold for forming a new double helix identic:!l 
with the original. This immediately proVIded 
ideas about replication that Pauling's modeL 
with its bases facing out and unrelated to each 
other, could not. 

On March 12, \1{latson sent Delbrlick a Jetter, 
illustrated with rough sketches, discussing cheir 
new model. He warned his mentor not to I ell 
Pauling about it until they were more cerrillll of 
their results, but Delbrlick, never one to keep 
secrets, immediately showed the lettEr around .. 
Pauling's mind raced as he read it. He saw 

immediately that the Cavendish structure ,vas 
not only chEmically reasonable but biologically 
imriguing. ''The simplicity of the structural 
complementarinEss of thE twO pyrimidinES and 
their corresponding purines was a surprise to 
me-a pleasant one, of course, because of the 
great illumination it threw on the problem of the 
mechanism of heredity," he said. In it he could 
see echoes of many of the things he had been 
thinking and writing about complement:!tity 
since his 1940 paper with Ddbriick. 

The same day that Alex Rich (W/Jli u'orfd j;; 

P,7'l/"Ig'S /J/,} first heard about the \1{!atsol1-Crick 
structure, he a'!'lOke in the middle of the night, 
got out of bed, WEnt into his office, and began 
building a rough version of the Watson-Crick 
double heliy out of the pieces of molecular 
models he had there. All he knew was that they 
had paired the DNA bases across the center of the 
molecule, but knowing that '!'las enough. He 
quickly pairEd thE correct bases, saw that it 
worked beaurifully, and went back to bed 
shaking his he.ld. 

Pauling, '.'ihile flOt yet ready to concede the 
raLe, was unpressed. ,\ few days after seEing 
\'WJtson's lnler, he wrote a ,:olleague, "YllU must, 
of ,:ourse, recogIllLe that our proposed structure is 
nothing more than a proposed structure. There is 
a challce rhat II is right, but it will probably be 
two or three yt:ars bEtore we em be reasonablv 
sure, .. " ,l. Ie'.'! days later, he received an ad
vallce copy .,1 the \Y/ arson anJ Crick manuscript, 
whIch ~tarted by ~'nacking his DNA model and 
endeJ by lhallkinl!; Jerry Donohue tor his help. 
Pauling loohd it over and wrote his son, I think 
chal It lS fille Lhar there are 110W two proposeJ 
sLrucrure~ lor llucleic .lcia, anc I am lookmg for
ward w fiuJl1ll!; out '.'[hat the decision WIll be ..tS 

w whlCh is illLorrect. \"\'lithout doubt the 
King s-CulleL:e dara will dimmate one or the 
other," 

He still haJ nue seen any of Franklin's ,lr 
\'{filbns's rect'llt :;-rav photos and withheld final 
i udgmem lind he diJ. His chance would come 
"oon: He was planning to go lO Brussels III April 
for .1 Sllivav Cuuferenct' on proteins .:mJ imended 
LO stop "if III England on the way [0 see the 
\,{lJlSOll-Cnck model and the photos from \'ifil
kins', ,1Ild Fr:.lllkllll's laboratories. When he 
applIed tor .1 ~'assport, hIS old nemesis Ruth 
Shipley i' Id StJ/,: i" p.:tsJport 
}h·;\;u;; f again recommended JemaL this eime 
based 011 her beIiel- that P:lUling's lndustnal Em
ployment Re'i1ew Board dERB) testimouy 
proved that he was refusing to be considerEd 
for top-secret clearanCe. After Pauling explained 
that he had been cleared for top-secret material 
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Wat!iOn (left) and 
ericlt show off their 
DNA model, which 
they had wired 
together oui of die
cut metal plates. 

in the past and would be willing to be again, bur 
only if it was required for his work-and after he 
once more swore in her presence that he was not 
a Communist-his passport was approved. 

In early April, a few days after Crick and 
Watson submitted their paper for publication, 
Pauling arrived in Cambridge. After spending 
the night with Peter, he walked into Crick's 
office and for the first time saw the three
dimensional model they had wired together out 
of die-cut metal plates. Crick chattered nervously 
about the features of the double helix while Paul
ing scrutinized it. He then examined Franklin's 
phoro of the extended form of the molecule. 
\Y/atson and Crick waited. Then, "gracefully," 
\"Vatson remembered, "he gave the opinion that 
we had the answer." 

It was a joyful moment for the two young men 
and a deflating one for Pauling. He was amazed 
that this unlikely team, an adolescent postdoc 
and an elderly graduate student, had come up 
with so elegant a solurion to so important a 
structure. If they were right, his own model was 
a monstrous mistake, built inside out with the 
wrong number of chains. But he recognized now 
that the Cavendish team was almost certainly 
right. 

There was only one thing left for him to do: 
Show the world how to handle defeat with style. 

Pauling left Crick's office and met Bragg for 
lunch, during which Sir Lawrence vainly tried to 
restrain his ebullience. After so many years of 
coming in second, his team had finally beaten 
Pauling! Later, Pauling joined the Cricks at a 
pleasant dinner at their house at Portugal Place. 
Through it all he remained charming and funny 
and remarkably accepting of the new DNA 
structure, a true gentleman, both wise enough 
to recognize defeat and great enough to accept it 
with good humor. A day or two later both Bragg 
and Pauling went to the Solvay meeting-an 
occasional select gathering of the world's top 
researchers funded by a Belgian industrialist
where Bragg provided the first public announce
ment of the double helix. Pauling was generous 
in his support. "Although it is only two months 
since Professor Corey and I published our pro
posed structure for nucleic acid, I think that we 
must admit that it is probably wrong," he told 
the group. "Although some refinement might be 
made, I feel that it is very likely that the \"Vatson
Crick structure is essentially correct." 

§§§ 

{Thde was no shortage of opini()tlS as to what had 
gune UJt'Ullg-fiwl ign()ring the tflolemle's biological 



In certain cases he 
had to trust 
himself not the 
experimental 
results. He had 
to trust his intui
tion, his nose for 
a good stnlctllre. 

fUllction to ignori1;g others' resN!ts. PC!l!!iilg hi!ilse!f 
b/,'l1imi the x-ray photos he had lfsed, his misrc(rdh7g of 
DNA's d~ilsity, and his lar~ of knowledge aho!!! 
purines and pyrimidines.} 

Each excuse contained a measure of truth. 
But each was a symptom of a problem, not the 
problem itself. 

There were two reasons Pauling failed with 
DNA: hurry and hubris. He rushed because 
DNA was the biggest prize around and ifhe did 
not crack it, someone else-probably someone in 
England-soon would. Although he later denied 
he was competing with the British researchers for 
the DNA structure-"I did not feel that I was in 
a race with \'{latson and Crick," he said. "They 
felt that they were in a race with me "-the fact 
was that he U'aS in a race, perhaps not with (he 
unknown \'{latson and Crick but certainly with 
\'{lilkins and Franklin and, above all, with his 
oldest rival, Sir \'{lilliam Lawrence Bragg. Paul
ing wanted to publish his DNA structure quickly 
in order to beat Bragg's group, and \Vilkins, too, 
and he took a chance doing it without having 
done his homework. 

Pauling had no precise structures for the 
nucleotide subunits. The x-ray photos he used, 
those that Astbury had done years before, were 
muddy and vague, and Pauling never attempted 
to malee x-ray photos of his own prior to publica
tion. He started with one idea, the phosphate·
core model, and never deviated from it. No 
three-dimensional models 'Nere ever built. 
Pauling did not even have Corey check his figures 
a final time before sending in the paper. He 
wanted the credit for solving DNA, and to get it 
he had to publish first. 

More importantly, he rushed because he 
thought he could get away with it. His success 
with the alpha helix had given him faith that he 
could jump ahead successfully. All of the basic 
assumptions that he had made in the late 1930s 
had been right; 15 years of further research had 
only proved it. He was right about hydrogen 
bonding and the planar peptide bond and the 
nonintegral repeat. As long as he stuck with 
what he knew about chemistry, he was always 
right. 

The alpha helix had graced him with success 
and cursed him with overweening pride. Mter 
its solution, he believed he no longer needed to 
do the homework required by others. It was clear 
that he was the best person in the 'Nodd at 
solving the structure of giant molecules-any 
molecules, for that matter. He knew that he had 
put together the correct basic structure of the 
alpha helix two years before he published it, two 

Ion):!: years during which Bragg might have come 
up with the answer and beaten him to it. Paul
ing had hesitated then because of his doubts 
about the S.l-angstrom x-ray refleCtion, J.n ex
perimental observ3.tion that turned out to be 
irrelevant. The lesson was clear: In certain Clses 
he had to trust hllnseif, not the experimental 
results. He had to trust his intuition, his nose 
for:l good ~lructure. He knew that his triple
stranded DNA structure was very right and that 
it begged the yuestion of how the negatively 
charged phosphates could keep from repelling 
each other, bUt he believed that those maners 
would work themselves Out, as the missing 
reflection in his aipha helix had worked itself out 
as ~ matter of coiled coils. The phosphate pack
ing in [he cemerofhis model was too pretty, roo 
clever nor to he nght. 

He wanted the prize, he gambled, and he lost. 
He regretted it, of course, the remainder of 

his life, although he was soon back to his usual 
cheerful self around the lab. \Vithin a few 
months he could joke with Alex Rich about it, 
asking him how his new project on a special form 
of DNA ,vas going, then adding, "You work hard 
on chat problem, Alex, because I like mort of the 
important discoveries to be made in Pasadena." 

The encounter with DNA "lOuld become the 
stuff of legend in the literature that would spring 
up around its discovery. Watson and Crick 
would take center stage, with Pauling assuming 
the smaller parr or an offstage voice, a legendary 
Goliath in a far land felled by rwo unlikely 
Davids. A ye:lr would rarely go by after 1953 
without someone, a scientist or ,,!riter, asking 
him where he had gone wrong. 

:wa Helen finally tired of it. After hearing the 
questions and explanations over and again, she 
cur through the excuses with a simple question. 
"If that was such.lil important problem," she 
asked her husband, "why didn't you work harder 
on it?" D 

T l HI' d' f.1 QlfCP J fJOlJi!1J agcr, u~JfJO 15 Jrcctor t? tfJe 'j} 1ee OJ 

COi771llll17iC(1t;r;ns at tbe U;;it'crsit)' o/Oregon; U)1"ote "'bis 
CfJ'w-,h

"
lI ·,,~th <" .. trl1f~A}., (OOdw,A-tl·O··fiMA .. pnu/irrr U[~6 fAr. t.i.J H./t~ <"_.'" ,_It!.- TV'U' It fUll! M""._,c 

hiwse!j be/uri, hi;' de,'1tb ii, A1Jgi'lst 1994 at the age of 
93. P,;11I/i'"g g;',mted HagEY hours ~f iHtcn'i(:Ulf and 
arC[SJ to pri7-'{jte papers) (O;TCSP017ikJlce j alIt! c/i(1rieJ; it7 
at!tlhiorl to score, ~{;rlte;'Tieu)J uJ;th Patl1iJlg's jaJJ,fijl, 
CO!It'(1gm:'J, mid othfn, Hager a!srI (Oi7Sidted pmJiOiIriy 
1!:rnJe;1seti FBI ariu! St~1te Depart;nent c/nOt!llftltJ. 

Force of Nature (,d'it be ordered from the Caltqrb 
BO().~Jtorc (iHai/ Code 1-51, Pasadei,,1, CA 91125) 
for ~35.00; ",dd .%650 for shippirig and hai,dli17g. 
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Freshman physics in 
201 Eas! Bridge in 
1980. 

"1/ a man does not 
leanz his physics. 
chemistry. and 
lflatht:lJlatics ill 
college. he never 
I ... 
tettfm tt. " 

C113Jlgil1g the Core 

Among the distinctive featmes of Caltech is 
one thaI its alumni and students know all too 
well: the demandin,; set of math and science 
comses that all Caltcch undergraduates since the 
19205 have taken in their first two years. This 
set of courses, known as the core curriculum, or 
simply the core, is going to change beginning 
v.-ith the next freshman class-fittingly the 
class of 2000. 

The modern Cal tech, which began in the 
1l)20s 'with the arrival of Robert A. Millikan, 
emphasized from the outset a rigorous training 
in basIC science and math. Millikan himself told 
a Caltech audience in 1920: "If a man does not 
learn his physics, chemistry, and mathematics in 
college, he never learns it." Consequently, the 
1 ~120- 21 coutse catalog articulated that" a 
thorough training in mathematics, physics, and 
chemistry must precede the application" of other 
sciences (which 'were thought of then as engineer
ing and applied science), and, therefore that, "the 
first two years are given over to a common train
ing." Also in 1921, the Board of Trustees stated 
om educational mission as being "to train the 
creative type of scientist or engineer mgently 
needed in Out educational, governmental and 
industrial development." For the most part, 
this mission seems as appropriate now as then, 
although some might hesitate to embrace the 
sentiment behind the phrase "governmental and 
industrial development," given the cmrent con
cern about limits to growth in those areas. 

Certainly, the need for creative scientists and 
engineers is as great now as ever. The vmrld, 
however. has changed immensely in the past 70 
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years, many of the changes occurring in just the 
recent decades. The scientific enterprise has 
grown enormously, driven in substantial part by 
the technological needs of the Second World \Var 
and later conflicts, including the Cold War-the 
need for nuclear weapons, radar, and jet aircraft, 
for example. Dming this period, physics was in 
the ascendancy, but more recently we have seen 
the explosive development and increasing impor
tance of biological science, and the growing 
recognition of environmental issues, which 
dominate so many of the world's science policy 
decisions. Although Caltech has not grown very 
much, alumni and faculty have participated con
siderably in these changes. But has the core 
curriculum kept pace? 

The current core consists of two years each 
of math and physics and one year of chemistry, 
pretty much what it was in Millikan's day. There 
is no required biology, earth science, or astrono
my. Actually, Caltech did require comses in 
geology in the forties, and some options contin
ued to require geology and biology for some 
time, but the trend in the last few decades has 
been toward fewer requirements and a more 
flexible curriculum. It is possible for a student 
to graduate from Caltech knowing little or 
nothing about biology, the area that now occu
pies more of the global scientific community 
than all other areas combined. The biology that 
students encounter in high school is highly vari
able but often conveys little of the intellectual 
groundings of modern biology, including molec
ular biology. Many students also encounter little 
or no earth science and environmental science in 



ALL COURSES 

FIRST YEAR 

For Classe. Entering September. 1922. and Thereafter 

I Suhject 
Hours per Week 

SUBJECTS Number Units 
CIa •• 

I 
Lab. I Prep. 

r. FRESHMAN YEAR 1 

REQuffiED I I I , 
(Throughout the Year) , 

Physics. . . . . . . . . . . . . . . . . . . . 401-403 2 4 3 9 
Chemistry: ................. rOl.302 311 3 6 3 12 
MathematIcs. . . . . . . . . . . . . . . . 453-c156 3 ° 6 9 
English and History ....... "1 601-603 3 ° 6 9 
Orientation ........... , . . . . . 771-773 1 ° 1 2 
Drawing .................. '11 701-703 ° 6 ° 6 i: Physical Education, .. , ...... , ...... ,., ° 3 0 3 

Ii Military Science ...... , ...... I 781-783 1 2 1 4 
Shop Work' ............. , . , . 741-744 0 4 0 ,I 4 

Although ''thereafter'' 
sounds ominous, 
clearly the core has 
been tinkered with 
since Millikan first 
decreed it in this 
course catalog 
(Bulletin) of December 
1920. Modern stu· 
dents are at least 
spared orientation, 
drawing, military 
science, and shop 
work. 

high school and have little notion about the 
quantitative and intellectual basis of these areas 
of science. 

Important features are shared by many of the 
sciences outside the current core: they make a 
practical application of the basic sciences; they 
deal with complex systems; they require skills 
and ways of thinking that may not be evident or 
strongly encouraged in the current core; and they 
are frequently information-rich, or at least deal 
with large amounts of data from which one must 
extract information. Physics, for example, seeks 
to identify a small number of laws whose opera,
tion can often be exemplified in just small 
amounts of well-chosen data. Biology and 
astronomy, on the other hand, are examples of 
sciences that often seem to make sense of very 
large amounts of data, which the computer revo
lution has nov.' made it possible to process. It is 
important in today's world for a well-educated 
scientist to be aware of the issues and approaches 
of these other areas of science, even though they 
may continue to choose to be an electrical engi
neer or a physicist. This is necessary simply to 
be scientifically and technologically literate. 

Caltech faculty, like Caltech students, do not 
have a monolithic view of what the core should 
contain and accomplish. Certainly the current 
core is strongly oriented toward the acquisition 
of tools, and the large enrollments in de facto core 
courses in computer science and applied mathe .. 
matics shows that there is widespread acceptance 
of the importance of basic tools, no matter which 
option is chosen. It is also widely accepted that: 
the existing basic physics, math, and chemistry 

courses have ~elveJ our students well. The 
challenge, then, is to find a balance between an 
existing core that ,rill seems to work, and the 
desire to introduce elements of other sciences, 
without imposing LOO many requirements on the 
students. Core curriculum reform is also needed 
to addreos shortcomings in the coordination or 
coherence of L urreut core courses, and to consider 
new ways of Leachlllg science and of improving 
the J.biliry or students to communicate their 
science 1:0 others. 

The dauntillg process of changing a 70-year
old Ir:.tdition has not been undertaken lightly. 
It beg:.til in l L)L)2, with the Academic Policies 
Commitce':". I haired by Professor of Aeronautics 
Ton" Leonard. The committee, which included 
students amI whICh sought input from students 
and~lumni. i1ad bv the end of 1993 distilled 
the ,liversity of opmioll into three basic vie,vs. 
About the only thing those views had in common 
was to leave the humanities and social science 
requirement untouched (,vhich would bave 
pleased Millikan, '.'.'ho had insisted on it in the 
first place). One of the viewpoints held that the 
status quo worked JUSt fine, and minor tinkering 
would bring it up to date. The second, dubbed 
the -minimalist" view, wanted the smallest pos
sible core, arguing thar the individual options 
had the best understanding of what their students 
needed, and that there was little need for a 
common core for all students, irrespective of 
option. The third, labeled the "fundamentals" 
approach, thought thar the core curriculum 
should provide a broad education that would 
allO\'l students to address the complex, interdisci
plinary issues that today's scientists and engineers 
mUSI learn to deal with. 

Faculty Board meetings in early 1994 were 
devoted to what the minutes descri~e as "lively 
and iruitful discussions," during '.',rhich propo
nems of the cwo more revolutionary proposals 
argued passionately in favor of their views. Ulti
mately, a rroposal based on the fundamentals 
approach won out. but in deference to the strong 
sentiment against increasing the size of the core, 
it was agreed that [he total units of the core 
wouid stay the same. 

The Academic Policies Committee also 
subrn i tted a number of related proposals to the 
Faculty Board; the one that received strongest 
SUppOrL proposed }llacing the core curriculum 
firmly in the hands of the Institute faculty at 
large rather than in the hands of the individual 
options. This is consistent ,'lith the "fundamen
tals . approach. It means that the content of the 
core mathematics courses will not be solely 
determined by the traditional instructors of those 
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Chemistry lab in 1923. 

It is import{ltlt in 
todair world for 
a t{)ell-edtlc{lted 
scientist to be 
aWl Ire of the issues 
and {lpproaches of 
these other arellS of 
sczence} even 
though they may 
contiJltle to choose 
to be ~1Jl electrical 
engmeer or 
physicist. 

courses (primarily pure mathematicians), or the 
physics courses by the physicists or the chemistry 
courses by the chemists. This decision required 
setting up a group-now called the Core Curric
ulum Council-to oversee the core, decide on its 
content. and select the best instructors for the 
courses. 

In 1994-95, a task force cochaired by Harry 
Gray (the Beckman Professor of Chemistry and 
director of the Beckman Institute) and David 
Goodstein (professor of physics and applied 
physics, the Gilloon Distinguished Teaching and 
Service Professor, and vice provost) proposed 
changing from pass/fail ro letter grades in the 
third term of the freshman year. The pass/fail 
system for freshmen did not begin in the ancient 
past with Millikan, but had been instituted 
in 1966-67 on an experimental basis, which 
lengthened into a 30-year tradition. The philoso
phy behind pass/fai 1 was to instill in students the 
importance of their first-year work, while still 
providing them with the opportunity to settle 
into an environment that is vastly different from 
that of ,heir high school. The change to letter 
grades for the third term of the freshman year has 
already been implemented for the current class, 
bur it is too soon to know the full consequences. 
The Gray-Goodstein task force also suggested 
some specific ideas about how the core curricu
lum should change-reducing core physics by 9 
units (from 54 to 4'i), math by 9 units (from 54 
to 45), and chemistry by 3 units (from 24 to 21, 
6 of which are required freshman lab), thus 
freeing up 21 units and providing the oppor
tunity to insert some new courses. These new 
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courses, in areas such as biology and earth science, 
are often referred to as menu courses, since it 
is likely that there will be some limited choice 
available to the students as to which ones they 
will take. 

The basic structure of this proposal was 
accepted by the faculty, and the implementation 
was left to the Core Curriculum Council, which I 
currently chair. This council has about 30 mem
bers, including the current instructors of core 
coutses and four students. Since a committee of 
30 would be too unwieldy to get much done, we 
also have a steeering committee, which will be 
doing the bulk of the work of defining the new 
curriculum and will use the larger council as a 
sounding board and source of advice. The current 
steering committee membership is Jacqueline 
Barton (professor of chemistry), Roger Blandford 
(Tolman Professor of Theoretical Astrophysics), 
Charles Brokaw (professor of biology), David 
Goodwin (associate professor of mechanical 
engineering and applied physics); Richard 
McKelvey (professor of political science), Barry 
Simon (IBM Professor of Mathematics and Theo
retical Physics), two student members, Stephanie 
Haussmann and Alison Slemp (both of whom are 
seniors in biology), and Tony Leonard and myself. 

Before defining the new menu courses, the 
steering committee had to figure out when to 
schedule them. Should they show up in the third 
term of the freshman year or first term of the 
sophomore year or even later ? To the extent that 
they may serve to guide students in their choice 
of options, an early scheduling is preferable. On 
the other hand, the basic tools in math, physics, 
and chemistry also need to be properly covered. 
So, first the committee had to decide on how to 
structure and modifY the existing math, physics, 
and chemistry requirements to fit into their new 
reduced number of units. 

The proposed implementation is still under 
discussion, but the following less controversial 
aspects appear to have wide support: first-year 
math and physics will probably continue to 
occupy all three terms; the contraction in math 
and physics will likely occur in the third term of 
the sophomore year, and will be accomplished by 
the judicious removal of particular topics scat
tered throughout the current syllabi, rather than 
by ,;vholesale amputation, or by speeding up the 
delivery of material; all students will be required 
to take two new courses in areas of science that 
are not currently part of the core, and these new 
courses will be offered in the third term of the 
sophomore year. Because there will no longer be 
a required chemistry class third term, it will be 
possible for students to take both new courses in 



Although nothing is 
yet set in stone, here 
is an example of what 
a schedule under the 
new core might look 
like, compared to the 
current one. The net 
increase in the fresh
man year is three 
units in both the 
second and third 
term. Since most 
students do actually 
take 45 units or more, 
this is not out of line, 
although it does 
reduce flexibility. 
*Refers to all noncore 
science courses, 
whether electives or 
option requirements. 
**The introductory 
computer science 
course is not required 
in the current core, 
but almost everyone 
takes it anyway. 
elf the menu course 
(e.g. astronomy or 
Earth and environ
ment) was not taken 
freshman year. 

FRESHMAN YEAR 

their freshman year or one in each of their first 
two years. The structure of the menu is, of 
course, a very important issue and is still being 
debated. Should biology be required? Some have 
argued that the best way to succeed with the 
menu is to provide choices but put much effort 
into assuring that the choices are so enticing that 
the goals are accomplished without coercion. 
Others say that biology is so important and ties 
in so well with the (now shrunken) chemistry 
core that it ought to be required. The current 
proposal under consideration includes biology 
as a required course in the third quarter of the 
freshman year. 

There are still other aspects of core curriculum 
reform that have not yet been discussed by the 
committee at length. \Ve hope to introduce a 
short course on science communication for all 
students. We also hope to be able to to introduce 
innovative approaches to teaching, both in the 
classroom and through utilizing material avail
able on the World \Vide Web. Perhaps the ne".' 
structure will also encourage greater interplay 
between the sciences than is currently evident
for example, the use of biological and chemical 
examples in the teaching of basic physics. Last 
but not least, we hope to draw on a wider pool of 
instructors, so that, for example, core math classes 
might be taught by people who are not part of 
the pure math faculty. 

Of course, it's desirable and appropriate that 
there be some experiments in this evolutionary 
process of curriculum revision; an "experiment" 
is something that can be abandoned later if it 
doesn't work. The reform under way obviously 

presents great challenges, not the least being the 
students' views. \XThen I talk to students, I find 
many to be very conservative in their views on 
the ~ore. The views many of them express about 
biology or other currently llom:ore areas seem to 

have been determined by high school experiences 
or bv existing course offerings (although the new 
menu courses may aot even remotely resemble 
existing course~.) for example. some students 
have only vague ideas abom the revolutionary 
nature of molecular biology and the extent to 
which the behavior and development ofbiologi
cal systems ell now be quantitied. 

Alumni . .Llthough they may have intensely 
disliked some courses at the time, are also 
generally supportive ot the traditional Caltech 
core and not .. tlways enthusiastic about proposed 
changes. Bm final deCIsions have yet to be made; 
this is a community effort and Vle welcome alum
ni views. The Core Curriculum Committee will 
be presenting its final recommendations to the 
Faculty Board in February, so alumni still have an 
opportunity to influence the outcome. You may 
e-mail me at djs@arms.caltech.edu or call me at 
818-395-6534. L 
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Obltllaries 

ArroLt DuBridge 
1900-1995 
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Arrola Bush Cole DuBridgc, the wife 
of Caltech's Iate president emeritus, Lee 
DuB ridge, and an active and committed 
member of the Caltech community for 
more than 210 years, died on September 
:,0 in Hingham, Massachusetts. She 
was 95. 

Mrs. DuB ridge had been associated 
with the Institute since 1974, when she 
and DuBridge, both widowed at the 
time, were married. The two had met 
many years earlier while attending 
1owa's Cornell College, where they were 
classmates and friends. Dr. DuBridge, 
who served as Caltech's president from 
! 946 to 1969, died in January 1994. 

Born on March 12, 1900, and raised 
in Iowa, the future Mrs. DuBridge
then Arrola Bush--earned degrees in 
psychology and English from Cornell 
College, where she met and married her 
first husband, Russell Cole. Cole served 
as president of Cornell College from 
} 943 to 1960, and, upon his retirement, 
the couple moved to Massachusetts. 
After his death, Arrola Cole became a 
social worker at the state's Correctional 
Institute for Women in Framingham. 
Later she spent five years as social 
director of Chapman College's "World 
Campus Afloat," a shipboard education 
program rhat travels around the world 
each semester. 

For a time, Mrs. DuB ridge was a 
scriptwriter for NBC radio and televi
sion. A talented violinist, she also 
taught violin and played in the sym
phony orchestra of Cedar Rapids, Iowa. 

Arrola DuBridge gave generously of 
her time and support to a wide range of 
Institute activities, including the 
Caltech "\Vomen's Club, the Caltech 
Service League, the Caltech Associates, 

and the Caltech Alumni Association, 
which named her an Honorary Alumna 
in 1992. That same year, the Price 
Charities in San Diego endowed the 
Arrola DuBridge Scholarship Fund in 
her honor at the Institute. The scholar
ship provides funding for undergraduate 
women. Arrola and Lee DuB ridge were 
widely known for their interest in and 
dedication to young people in science, a 
commitment the ARCS (Achievement 
Awards for College Scientists) Founda
tion recognized in 1992 by establishing 
the Lee and Arrola DuBridge Endowed 
Scholarship Fund to support undergrad
uates at Caltech. 

A memorial service was held on 
campus on November 15. 

1111 

Clair C. Patterson 
1922-1995 

Clair C. "Pat" Patterson, professor of 
geochemistry, emeritus, died suddenly 
on December 5, at his home in The Sea 
Ranch, California, northwest of Santa 
Rosa. He was 73. 

Patterson, who had a remarkable 
talent for finding the most important 
scientific problems and then solving 
them, is best known for his determina
tion of the age of the earth and the solar 
system, and for his pioneering work on 
lead pollution in the modern world. 

The passion that directed Patterson's 
research was his desire to better under
stand the geochemistry of metals in 
terrestrial rocks, waters, and atmo
spheres, in meteorites, and in the solar 



system. Patterson was a pioneer in the 
study oflead in the earth's crust. He 
developed precise analytical techniques 
that enabled him to establish the true 
levels of preindustrial lead in the 
environment. His analysis of lead 
isotopes in meteorites and oceanic 
minerals led him in the early 1950s to 
conclude that the earth and solar system 
are 4.6 billion years old. This result is 
one of the most important measure
ments of time ever made. Current 
theories of stellar birth and evolution, 
and our very understanding of the 
history of the universe, are based in 
some measure on this important 
measurement. 

While studying lead isotopes, 
Patterson found that human civilization 
had mined and dispersed an unprece
dented amount of the metal around the 
world. Ice cores from the Greenland ice 
cap, dating back thousands of years, 
showed that the amount of lead in 
modern snow is much higher than in 
preindustrial times. This knowledge led 
Patterson to wonder whether this 
abundance of lead might affect humans. 
His studies of the bones and teeth of 
prehistoric people confirmed that 
modern humans contain up to 1,000 
times more lead than did their ancient 
ancestors. 

His message, that people were being 
contaminated by lead from water pipes, 

from leaded gasoline, and from the 
solder used to seal canned foods, was nOt 
popular. But Patterson ".'as a courageous 
and determined man, and he knew that 
he was right. He fought, against great 
odds and the money of powerful corpora
tions, to discontinue the use of lead in 
these materials, and eventually, Lhrough 
his tenacity and his extremely thorough 
methods, his results and recommenda
tions were accepted. 

Patterson was born in Des Moines, 
Iowa, and earned his bachelor's degree ill 
chemistry at Grinnell College in Grin
nell, Iowa, in 1943. He continued to 
study chemistry at the University of 
Iowa, "INhere he earned his master's 
degree in 1944, and at the University 
of Chicago, where he completed his 
doctorate in 1951 with Harrison B rmvn 
as his thesis advisor. He stayed on at the 
University of Chicago as a postdoctoral 
fellow for one year, and when Brown 
came to Cal tech to establish the geo
chemistry program in 1952, Patterson 
came with him as a research fellow. He 
was a senior research associate from 197, 
until 1989, when he was named profes
sor of geochemistry. 

Among his many honors, Patterson 
received the J. Lawrence Smith Medal 
from the National Academy of Sciences 
in 1975 and the Professional Achieve
ment Award of the University of 
Chicago in 1981. He was elected to the 
National Academy of Sciences in 1987, 
and has also had a peak in Antarctica 
and an asteroid named for him. Most 
recenrly, he won the 1995 Tyler Prize 
for Environmental Achievement, the 
premier international environmental 
honor in the world. 

A memorial service is being planned. 

UIg:l T.mssky-Todd, professor ()f 
mathematIcs, nneritus, and one of the 
world-, leading experts on JlgebralC 
number theory and matrix theory. died 
at her home in Pasadena on October -;'. 

Tausskv-T,)dd was born in Olumouc 
(Olmuu;J tll the Moravian part of Czech
oslovaba, She attended the Koerner
schu1e III Lmz, where her t:!lem for 
mathernancs was eVident early. She 
bler "Iron:, in cL personal memOIr tor the 
C:lltecll }\.ichives:'GraJually it became 
clear to me that [matheluancs} was to be 
mv sublect. However, 1 had nu idea 
what; hat me:mr. First uf all, I was fully 
conscious that the fact that I was doing 
well at school had nothing to do with It. 

The "mrk at school was really not that 
difficult if one applied oneself to it, but 
it was so uninteresting that you could 
not wish to apply yourself. I felt there 
W2S another mathematics. I later found 
that the yearning for and the satisfaction 
gained from mathematical insight 
brings the subject near to art. While 
talent is undoubtedly needed by itself, 
it does not always make a person a 
mathematician ... 

Tamsky-Todd clearly did have that 
yearning and that satisfaction from 
mathematical insight. She went on to 
study with the number theoretician 
Philip Furtwangler at the University of 
Vienna, where Kurt Godel was a friend 
and fellow student ("Remembrances of 
Kurt Godel," E&S Winter 1988). 
Taussky-Todd earned her PhD in 1930. 
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Obituaries 
continued 

Olga Yaussky-Yodd 
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At the University of Gottingen in 
1 Q31-32, she served as an assistant to 

RIchard Courant and edited the collect
ed works of David Hilbert. She spent 
1934-35 \';ith Emmy Noether, one of 
the founders Df modern algebra, at Bryn 
Mawr College in Pennsylvania. Noether 
also taught at Princeton, where Taussky
Todd frequently accompanied her, and 
it was here that she became deeply inter
ested in topological algebra. She became 
one of the first to point out connections 
between abstract algebra and topology. 

She was appointed to a Yarrow 
Research Fellowship at Girton College, 
Cambridge, in 1936, and continued her 
work in topological algebra, which was 
new to Cambridge at the time. She was 
awarded, ad eiifJdt::m, the degree of ]I.'fA by 
the University of Cambridge in 1937, 
only after Parliament had changed the 
statutes that theretofore had permitted 
the degree to be awarded to men only. 
In 1937 she took up a position at the 
University of London, where she met 
her future husband, fellow mathemati
cianJohn Todd. They were married 
in 1938. 

Both Todds worked for the British 
Ministry of Aircraft Production during 
\vorld War II. After the war they came 
to the United Smtes, working for the 
National Bureau of Standards for 10 
years, most of the time in Washington 
but with periods at the bureau's field 
sration at UCLA. Olga and Jack Todd 
received appointments to Cal tech in 
1 ~15 7. She wrote: "\V'hen the invitation 
w Caltech came, I felt very pleased and 
honored, and I knew that I had stayed at 
the bureau long enough. Coming from a 
civil service jDb back to academic life 
meant a tremendous change, almost as 

much as the opposite change, which we 
had made years before. First of all, Cal
tech is a teaching institution, however 
high its research standards are .... I 
simply love to teach and feel that I have 
a good bit of natural talent for it." She 
was named professor of mathematics in 
1971, having received tenure (the first 
woman to do so) in 1963. She became 
professor emeritus in 1977. 

At a 1976 symposium at Caltech, 
Taussky-Todd was honored as one of the 
foremost living female mathematicians. 
She was elected to the Council of the 
American Mathematical Society in 1972 
and elected vice president of the society 
in 1985; she was a fellow of the Ameri
can Association for the Advancement of 
Science, a corresponding member of the 
Austrian Academy of Sciences and the 
Bavarian Academy of Sciences, and a 
recipient of the Golden Cross of Honor, 
First Class in Arts and Sciences, from the 
Austrian Government. The University 
of Southern California awarded her an 
honorary D.Se. in 1988, and in 1963 she 
was selected as one of the 10 Women of 
the Year by the Los Angeles Times. 

About this honor she later wrote: 
"Apart from the strain that the ceremo
nies and interviews inflicted on me, it 
gave me great pleasure. I knew that 
none of my colleagues could be jealous of 
it (since they were all men), and that it 
would strengthen my position at 
Caltech. My husband was delighted 
about it and enjoyed the ceremonies. 
Otherwise it did nothing to me. Recog
nition that has pleased me far more were 
those instances where a specific piece of 
my research or a lecture I had given were 
involved, or where something I had done 
for a student was involved." D 



Lab Notes 

The astronomers 
identified brow1Z 
dwa1i candidates 
on the 60-inch 
telescope and 
examined them 
more closely 
with the Hale 
Telescope. 

2 La 

One D01V1ZJ 

Six To Go 

A team of astronomers from Caltech 
and the Johns Hopkins University have 
taken pictures and spectra of what they 
believe is a brown dwarf--one of a class 
of objects intermediate in mass between 
the smallest stars and the" gas giant" 
planets such as Jupiter. Astronomers 
have long theorized that brown dwarfs 
must exist, and in recent years several 
candidates have been nominated by 
various observers, but until now the 
proof has always been indirect and 
never 100 percent convincing. The team 
includes Professor of Astronomy Shrini
vas Kulkarni, Senior Research Fellov,' in 
Astronomy Tadashi Nakajima, Member 
of the Professional Staff Keith Matthew" 
and grad student Ben Oppenheimer, of 
Caltech, and Sam Durrance and David 
Golimowski ofJohns Hopkins. 

The brown dwarf, known as GL 
229B, lies in the constellation Lepus, 
near Orion, and orbits a small, dim star 
called GL 229 that's 17 light-years
about 100 trillion miles-av.'ay from us. 
This is the first detection of so faint and 
cool an object outside the solar system. 

Brown dwarfs are made of the same 
gaseous material as stars, but are much 
less massive. Current theories put the 
upper limit to the mass of brown dwarfs 
at about one-twelfth the mass of the sun. 
Above this limit, the energy released by 
the contracting gas generates enough 
heat to ignite and sustain nuclear fusion, 

ami a star ,hines fonh. Below this limit, 
the~ra~ never gets hot enough to "burn." 
Y:llJIlg brown dwarts em shine quite 
brighdv ior a litrle while, due to fric
tional heat from graVItational contrac
tion, but . his 'ource ot energy isn't 
nearly as long-lasting or as powerful 
as fusion. So brown dwarfs fade rapidly 
unt:1 the? glow only from their meager 
internal heat, and are much cooler, dim
mer, and harder to see than stars. 

Astronomers want to find brO"lvn 
dW3rfs for two reasons. First, they want 
to determme the smallest-mass object 
that em torm in a starlike manner by 
condensation of interstellar gas clouds, 
and whether enough of these hard-to
deteer objects exist ro solve a difficult 
cosmologlCal puzzle. Our gala.xy is spin
ning so fast that it would fly apart if the 
graVlty from its k:lown contents were all 
that was holding it together. Could 
brown dwarfs account for some of the 
missing ",lark matter)" Second, astrono
mers wam to study [he atmospheres of 
brown dwarfs and learn how they are 
related to the atmospheres of planets. 
Such understanding is important to 
the ·,eJ.fch for other planerary systems. 

Beuuse of their importance both to 
cosmology :lnd to il11ding other planets, 
astronomers have ,earched diligently for 
bro~'fl dwarfs, e~pecially young ones that 
are ~tlll hor, relanvely bright, and more 
easIly oeen. Y(lung brown dwarfs are 
most Ikelv to appear 1Il star clusters, 
the "" urseries" where -rars torm. 

But Lhe Caltech/Johns Hopkins team 
took d Jifferent approach. Instead of 
scourmg relatively disrant "rellar 'mrser
ies il)l ,oung Drown dwarfs, they iooked 
for jilder. ,_ooler ones as companions to 
stars wirhin our local neighborhood
within 45 light-years, or about 265 
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Above: The brown 
dwarf (dot in center) 
was first observed on 
October 27, 1994, 
using Johns Hopkins 
University's Adaptive 
Optics Coronagraph 
and the 6Q-inch tele
scope at Palomar_ 
(Photo by Nakajima 
and Golimowski.) 
Below: This follow-up 
image was made on 
November 17 , 1995, 
w ith t he Hubble 
Space Telescope's 
Wide-Field and Plane
tary Camera 2. (Photo 
by Kulkami and 
Durrance.) In both 
cases, the main star 
is out of the field of 
view to the left, but 
residual glare extends 
out nearly to the 
brown dwarf. 
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trill ion miles, of the sun. These Stars 
are middl e-aged, on average about five 
billion years old. 

There are two advantages to searching 
for nearer, older brown dwarfs. First, 
scientists know the distances to nearby 
stars pretty accurately, so a brown dwarf 
candidate's intrinsic luminosi ty can be 
deduced. The lowest luminosity of any 
normal , hydrogen-fusing star is one ten
thousandth that of the sun , so if the 
candidate's calculated luminosity is less 
than this limit, the object can't be a star. 
But brown dwarfs can have much lower 
luminosit ies. 

Second, an aged brown dwarf's spec
tral features may help unmask it. A 
star's minimum surface temperature is 
about 1800 K, while old brown dwarfs 
can have much lower temperatures. 
Thus their cool atmospheres are similar 
to those of the gas-giant planets in our 
solar system. (In facr, prominent absorp
tion features are seen in Jupiter's spec
trum that do not appear in the spectrum 
of any staLl And Takashi Tsuji of the 
U niversity of Tokyo has found that 
below 1000 K, catbon prefers to a[[ach 
ro hydrogen and form methane, instead 
of reacting with oxygen to form the car
bon monoxide seen in cool stars. So the 
presence of methane absorption lines in 
a candidate's spectrum are a sure sign of 
less-than-stellar temperatures. 

The astronomers first made an image 
of each of the stars in their survey with a 
"coronagraph," a camera with the ability 
to see faint objects in the glare of an 
adjacent bright staL The coronagraph 
blocks light from the star so that dim
mer nearby objects become visible. This 
coronagraph, used at optical wave
lengths, was made by rhe Johns Hopkins 
team and has been used exte~sive l y at 
[he 60-inch relescope at Cal[ech's Palo
mar Observarory. A similar dev ice built 
by Matthews to detect infmred wave
lengths has been commissioned recently 
ar rhe 200-i nch Hale Telescope ar 
Palomar. 

The as tronomers looked at each star 
twice, at an interval of one year. All 
Stars move relatively quickly, so untelat
ed objecrs char were lined up by chance 
in rhe first look will have drifted apart 
by the second. But true companion stars 
will remain together. The astronomers 

identified brown dwarf candidates on 
the 60-inch telescope and examined 
them more closely with the Hale 
Telescope. 

This me[hod paid off with GL 229 . 
res putative companion, christened GL 
229B, moved in tandem with it, and the 
tWO appear to be in orbit around each 
O[her. Using the known distance to 

GL 229, the asrwnomers calcularcd 
GL 229B's luminosiry [Q be only seven 
mill ionths rhar of the sun, almost lO 
times less than the faintest known star. 
And absorption lines betraying the 
presence of water were found in the 
speerrum ofGL 229B, showing char 
its surface temperature is less than 
1,000 K-800 K lower than rhe coolesr 
known star. Methane absorpt ion lines 
were also found , confirming the object'S 
substellar temperature. 

This discovery is an important first 
step in the search for planetary systems 
beyond rhe solar sysrem. GL 229B's 
strange colors---extremely red in the 
optical wavelengths and blue in the 
near-infrared- and the presence of 
methane suggest new strateg ies to search 
for brown dwarfs and massive J upiter
like p lanets. The spectra of faint objeers 
could be screened for these unusual 
characterist ics, allowing astronomers 
to concentrate on the' most likely brown 
dwarf candidates. 

GL 229B is about four bill ion miles 
from its main star, a bit fa rther than 
Plura is from [he sun . Alrhough its 
mass is some 20 times that of Jupiter, 
it is so dense that its diameter is about 
rhe sarne-80,OOO miles. Irs unclear 
wherher GL 229B fo rmed like a srar, by 
direct condensation of interstellar gas, 
or like a planet, by condensation of 
material within a protoplanetary disk 
that formed around the Star. However, 
the proximity of the parent star to the 
companion suggests that it form ed in a 
planetary disk rather than directly from 
the interstellar medium. The astrono
mers are continuing to observe GL 
229B, ancl have obrained images and 
spectra of it usi ng the H ale Telescope, 
rhe lO-me[er Keck Telescope, and rhe 
Hubble Space Telescope. 

The results appeared in the Novem
ber 30 issue of Nature and rhe December 
I issue of Science. ........., 



Below: The arrow 
on this Hubble Space 
Telescope image 
marks where the 
probe hit, at approxi
mate .Jovian latitude 
6.50 north and longi
tude 4.4" west. This 
photo dates from 
October 5, however, 
and the cloud pat· 
terns may have 
changed significantly 
in the interim. 
Right: Talk about your 
visual aids! In the .JPl 
pressroom on Arrival 
Day J TV reporters did 
their standup routine 
under a life·sized 
replica of the space
craft. 

Calileo Hits the Spot 

Well , no, it d idn' t-not the Grear 
Red Spot, anyhow. But on December 7, 
after a six-year voyage filled with dramas 
tOO numerous to mention, the Galileo 
spacecraft buzzed J upiter's pizza-faced 
volcanic moon 10 at an alt icude of some 
890 kilometers, skimmed rhe giam 
p laner's cloud tOpS by a distance of three 
J upite r radii, and fired the main engine 
to plop itselfi nro permanent orbit 
around its new home. Meanwh ile, an 
atmospheric probe dropped from the 
spacecraft back in J uly did hit a Spot, 

or very nearly, plungi ng into the p lanet's 
roiling skies close to the outski rts of a 
"hot spOt" visible in infrared light. 

The probe, which is managed by 
NASA Ames, emered the top of Jupi
ter's atmosphere--defined as 450 
ki lameters above the al dwde where 
J upi ter's atmospheric pressure equals 
that on Earth's surf.:1ce-at an angle ro 
the horizon of roughly 8.3°. T his was 
the center of a very narrow safe zone
a degree and a half shallower, and the 
probe wOllld have skipped off the atmo
sphere like a pebble across a pond; a 
degree and a half steeper, and the probe 
would have taken too great a jolt for its 

instruments to withstand. Nor that 
they're wimpy, mind you-they rode 
our a decelerat ion shock some 215 times 
the force of gravity here on Earth. 

Then, heat shields jett isoned and 
parachute deployed, the probe's inst ru
mentS took the measure of J upiter's 
atnlOsphere-its pressure, temperature, 
and chemical makeup--and sent 57 
minutes ' worth of data ro the orbiter. 

D ue to the famou.s antenna problem, 
however, the da ta could not be relayed 
ro Earth in real time, but were srored on 
tape for later playback. A compressed 
version of the data was also srored in 
Galileo's computer, in case the tape 
recorder decided to do something excit
ing again. This meant that plans to take 
extreme close-ups of the moon with the 
worst case of acne in the solar system had 
to be scrapped . T his is unfortunate, 
because Gal i leo won't come close to 10 
agai n- the rad iation environment there 
is just too hot for the spacecraft. 

The first 40 minutes of probe data 
were relayed to Earth on December lO
B, but the fldl p layback won't start 
unt il J anuary, 1996, once J upiter clears 
the sun. Qupiter hits superior conjunc
[ion~mean i ng that it's diametrica11y 
opposite us, behi nd the sun--on 
December 19. And as the sun gets in 
the way, radio communkation with 
Gal ileo goes from normal to lousy to 

nonexistent.) Stay tuned ... [l- DS 
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SURFboard 

Above: Ihe SURf"SAT 
boxes were mated to 
the roclc:et on pad 
SLC·2W ai Vanden
berg Air Force Sase 
about a week before 
launch. Ihe job isn't 
quite done yet in this 
photo-the metal 
panels protecting the 
solar cells have yet: 
to be removed. 
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Radic"1l Stick) Dude! 

Some folks surf at Zuma, some surf 
the Internet, and now there's a SURFer 
dude in space. His buzz-cut, sunglassed 
vIsage adorns the Delta II rocket that 
lofted the Canadian RADARSAT into 
polar orbit from Vandenberg Air Force 
Base last November 4. Bolted to the 
Delta's second stage are two aluminum 
boxes, each the size of the proverbial 
bread box, that were designed and built 
b,' nearly a decade's worth of SURF 
(Summer Undergraduate Research Fel
lowship) students and others. The box
t.,. collectiveLy known as SURFSAT-1, 
are being used by engineers at Caltech's 
Jet Propulsion Laboratory (JPL), to test 
new technology for use in the Deep 
Space Network, the worldwide system 
uf antennas that is our communications 
11nk with JPL's armada of far-flung 
spacecraft such as Voyager and Galileo. 

Commands are sent to these space
craft, and data returned, over a chunk 
of the radio spectrum called the X band. 
But in 1979, JPL was allotted another 
region called the Ka band, which can, in 
theory, carry up to 14.4 times more data. 
(The names were assigned by the bands' 
original military users, and serve primar
ilv to confuse people.) However, the Ka 
band demands that ground stations 
using it point their antennas much more 
accutately, and it's also more sensitive to 
atmospheric effects during bad weather. 

So before outfitting all future deep-

space probes with Ka-band radios, the 
engineers wanted to see how their track
ing equipment would really perform. 
\\lhat they needed for this was an 
orbiting Ka-band source that emitted 
a very weak signal. "What we needed," 
recalls Project Manager Joel Smith, "was 
a small, cheap satellite. And, of course, 
we were laughing, because there were 
no such things, and in comes Ed Posner 
{then a visiting professor of electrical 
engineering at Caltech, and JPL's chief 
technologist for telecommunications and 
data acquisition}, who said, 'Hey guys, 
I've got a bunch of students coming this 
summer. Do you have any good jobs 
for them?' And we said, 'You bet!'" Six 
SURF students were hired that year-
1987-to begin designing the space
craft. Posner eventually cosponsored 43 
SURFSAT students before his untimely 
death in 1993. In all, more than 60 
stUdents from 14 colleges in the US 
and UK were involved. 

The original plan was to fly an X
band and a Ka-band transmitter that 
would continuously broadcast weak 
(microwatt) signals that the ground 
stations would try to lock on to and 
track. The performance of the two 
carriers could then be compared. 

Meanwhile, the Deep Space Network 
was gearing up for a pair of international 
orbiting very-long-baseline interferome
try missions. The idea here is to have 
a spaceborne radio telescope-either 
Russia's RadioAstron or Japan's VSOP 
satellites--Dbserve a distant quasar, 
or whatever, at the same time that a 
ground-based antenna does. The signals 
are combined in a computer, and the 
result is a "virtual" radio dish whose 
effectIve diameter is the distance 
between the ground station and the 
sateI1ite. In order to combine the signals 
properly, however, you need to know 
their arrival times at both receivers to 

within a billionth of a second, which 
means that a time signal has to be sent 
continuously from the ground station to 

the spacecraft. This had never been done 
routinely before, so SURFSAT was also 
volunteered as a test receiver for the time 
signals. Its transmitters were traded in 
for transponders to permit two-way 
communication--Dtherwise the ground 
crew would have no way of knowing if 



Above: The box at left 
is the primary pay
load, housing the X· 
band and Ka-band 
transponder. The 
other box contains 
the Ku·band unit. The 
X band spans the fre· 
quencies between 
7,000 and 8,500 
million cycles per 
second, the Ka band 
runs from 31,800 to 
32,300 million, and 
the Ku band is at 
14,100-15,300 million. 

Above: Antsos is 
second from the left 
in the crowd, through 
which one of the 
SURFSAT boxes can 
be seen at shoulder 
height. The entire 
second stage is about 
six feet in diameter 
and 18 feet tall. 

the time signals \vere gettIng rhrough. 
(The Russian satellite uses the X band, 
and a new. Ku-band cfansponder was 
added to 'lc:ommodate the Japanese.' 

At [hat point in late 1 ()9·;. SURFSA r 
acquired a task manager, "teve Johnson, 
and benme a real Flight Project. It was 
his job w shepherd SURFSAT through 
the fabrication, test, and review process 
and turn the design into real hard·ware. 
Then he had to get the hardware flight
qualified and mated to the rocket. This 
meant leading a joint effort ·with folks at 
McDonnell-Douglas Aerospace, vvhich 
manufactures and launches the Delta, 
and Darren Bedell and Marissa .\chee 
of Orbital Launch Services at N.\SA's 
Goddard Spaceflight Cemer, who made 
sure that nothing SURFSAT could do 
would harm RADARSAT in any way, 
and figured out how to attach SURFSAT 
to the rocket. 

SURFSAT's design is an essay in 
simplicity. Each of the two boxes is a 
self-contained payload--one houses the 
x- and Ka-band transponder and the 
other the Ku-band transponder. Each 
box is shingled with solar cells-the 
only on-board power source-which are 
kept illuminated by the spacecraft's sun
synchronous orbit. There are no thrust
ers, no attitude-control gyros; the 
transponders' fixed-vievl, wide-angle 
antennas are trained on Earth by gravity
gradient stabilization, which essentially 
means that the spent booster section that 
carries them is nose-heavy, so the front
facing antennas point down. And riding 
a dead rocket means that the SLTRFSAT 
team gets its position information for 
free. "The Air Force has to track us as 
space debris," Smith explains ... And 
they've agreed to tell us where we are 
once a day, so we can never get lost." 

There isn't even an onboard computer. 
"\''(/e worked /J,m/ to keep it that simple. 
The students would want to make it 
more complicated. '\Vhat if 'Ne put a 
boom om hete? \Vhat if we added a 
bauery? \'{That if we had a timer?'" Bm 
sric!;:ing to basics and using commercial
ly available, mil-spec parts kept the 
projecc's cost to under three million 
dollars-the least JPL has spent on a sat
ellilt since Explorer Ont was launched 
for two million in 1957. (Adjusting for 
inflation, SURFSAT even beats that.) 

As the proiect matured into actual 
flight hardw:o:re over ehe last two years, it 
omgrew I [Ie SURF ~tudents-ten weeks 
a summer per student just '.vasn't suffi
cient. The project turned to COOP 
stuJems-who ''lork six months a year 
full-time qt ]PL and are full-time colleg<e 

students the vther six months-and to 

1PL statT One of the latter was Dimlui 
Antsos (BS '9tl, MS 'Q1, PhD '93 [under 
Posner}), who had started on SURFSAT 
in 1988 as a sophomore, and had been 
vmrking on it on and off ever since. JPL 
hired him omright the moment he got 
his PhD, and building the transponders 
became his first official responsibility. 
He; Greg Carr, who built the power 
systems; Jim Springetr of Neocomm, 
who de~igned the other electronics; and 
1PL's Johnny Duong, who built them, 
put in a lot of overtime. So did scores 
of people at lHcDonnell-Douglas, at 
Vandenberg, and elsewhere, becau-;e, 
of course, lhings never go as smoothly as 
you'd expect. "SURFSAT really brought 
out the best in everybody," Smith says. 
"It was a marvelous program. Every 
time we got in trouble, people just came 
out of the woodv.'Ork to help the student 
spacecraft." 

Now that SURFSAT is flying, 
everything is working just fine. The 
mission-operations creVI expects to get 
all the dara they need on the relative 
merits of the X and the Ka bands within 
a ynr, which coincides v.'ith Radio
Astron's and VSOP's planned launch 
date~. The crew originally planned to 
turn SURf SAT off when they were done 
with it, but now other people who have 
antennas to test want to borrow it. SO 
JPL may leave it tunning as a kind of 
public resource for whoever wants to use 
it. Ed Posner would be proud. --J-DS 
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Random Walk 

Peter Goldreich, 
the Lee A. Duo 
Bridge Professor of 
Astrophysics and 
Planetary Physics, 
received the 1995 
National Medal of 
Science from 
President Bill 
Clinton and Vic e 
President AI Gore 
in Washington on 
October 18. 
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Honors and Awards 

Fred Anson, the Elizabeth W. 
Gilloon Professor of Chemistry, has been 
named a fellow of The Electrochemical 
Society, Inc., for his work in the field, 
including new elecrrocatalysrs for the 
electroeciu(rion of dioxygen . 

J acqlleline Barton, professor of 
chemistry, was seiecced to deliver the 
1995 Havinga Lecture and ro receive 
the Havinga Medal from the Srichring 
Havinga Foundation. 

Erick Carreira, assistant professor of 
chemistry, has been awarded a $500,000 
Packard Fellowship by the David and 
Lucile Packard Foundation. Carreira 
studies the use of asymmetric caralysts ro 
produce compounds with the potential 
to be useful drugs. 

Tom Heaton, professor of engineering 
seismology, has been gramed the .Meri
torious Service Award of rhe Department 
of rhe Interior for his "contribut ions to 
technical developments and seismologi
cal research for rhe National Earthquake 
Hazards Reduction Program of the U. S. 
Geological Survey." 

Michael Hoffmann, professor of en
vironmental chemistry, has received the 
1995 E. Gordon Young Award from the 

Chemical Institute of C=anada for his 
scientific contributions in the field of 
environo1ental chemistry. 

George HOllsner, the Carl F Braun 
Professor of Engineering, Emeritus, 
received the 1995 Lifetime Achievement 
Award at the Los Angeles Area Chamber 
of Commerce's 60th annual construction 
industries luncheon. 

Wolfgang Knauss, professor of aero
nautics and applied mechanics, has been 
elected a Fellow of the American Society 
of Mechanical Engineers. 

Rudy Marcus, the Arthur Amos 
Noyes Professor of Chemistry and Nobel 
laureate, has been selected to recei ve the 
Treasure of Los Angeles award from the 
Central City Association. He has also 
been named honorary professor of the 
Institute of Science of the Chinese 
Academy of Sciences, and adviser to 
the Center for Molecular Sciences of the 
Academy and to the State Key Laborato
ry for Srrucrural Chemistry of Unstable 
Species in Beij ing. 

Peter Wyllie, professor of geology, 
'.vas elected president of the Internation
al Union of Geodesy and Geophysics. 

Ahmed Zewail, the Linus Pauling 
Professor of Chemical Physics and 
professor of physics, has been selected 
the 1996 recipient of the Peter Debye 
Award in Physical Chemistry, sponsored 
by E. I. duPont de Nemours and 
Company, Inc. 



Vice President Gore 
seems to have spent 
quite a bit of time 
with Caltech folks this 
fall. Here, in a White 
House reception for 
this year's crop of 
Nobelists on Novem~ 
ber 15, he greets 
Pamela Lewis, while 
her husband, Ed, who 
won the 1995 Nobel 
Prize in physiology or 
medicine, looks on. 

Congratulations to Caltech's 

Dr. Edward B. Len, 

1995 Nobel Prize in Mejiicirte1 
Meanwhile, back at 
home, the city of 
Pasadena commis~ 
sioned a billboard 
announcement of Ed 
Lewis's honor. Lewis 
also switched on the 
Christmas tree lights 
at the Pasadena city 
hall just before leav
ing for Stockholm. 


